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Outline of the thesis 
 
 
Introduction 

Until today, the conundrum of a comprehensive and precise diagnosis of the hemodynamic 

significance of coronary artery disease (CAD) remains intricate despite scientific advances in 

the non-invasive and invasive evaluation of atherosclerosis. For decades, patients were 

referred for invasive assessment of presumed CAD following a non-invasive functional 

assessment. Exercise stress testing, thallium scintigraphy and dobutamine stress 

echocardiography but also positron electron tomography (PET) has been used to determine 

the functional impact of CAD as the decision to perform revascularization procedures should 

be based not only on the coronary anatomy but also on the hemodynamic impact of a lesion1. 

In 1993, the concept of fractional flow reserve (FFR) was introduced by Pijls and De Bruyne2. 

This index performed well as compared with standard non-invasive tests for myocardial 

ischemia3. FFR is defined as the maximal blood flow to the myocardium in the presence of a 

stenosis in the supplying coronary artery, divided by the normal maximal flow in the same 

distribution assuming an absence of stenosis. As such, this invasive index represents the 

fraction of the normal maximal myocardial flow that can be achieved despite the coronary 

stenosis4. Both the DEFER and FAME trials have suggested that using an FFR cut-off of 

0.75-0.80 could identify the patient benefiting from percutaneous revascularization5,6. The 

long-term follow-up date of the FAME II trial confirmed that an initial FFR-guided PCI 

strategy was associated with a significantly lower rate of the primary composite end point of 

death, myocardial infarction or urgent revascularization at 5 years than medical therapy 

alone7. Nowadays, FFR has been adopted by the guidelines as the gold standard to select 

patients for revascularization8.  

An FFR measurement comprises a pressure wire introduction in the distal coronary bed and 

the use of a hyperemic agent, mostly intravenous adenosine. FFR entails a single-point, distal 

coronary pressure value9. The measured pressure losses in the coronary arteries ensue due to 

viscous friction and flow separation. The contribution of each mechanism is highly dependent 

on patient-specific coronary geometries. Mild reductions in luminal area modulated by lesion 

length have shown to reduce coronary pressures distal to an epicardial stenosis. Lesion 

features affecting laminar flow conditions also contribute to pressure losses10,11. As such, 2 

comparable FFR values could be the resultant of distinct pressure loss patterns along the 

coronary vessel, i.e., focal or diffuse pressure gradients. Although not routinely assessed, the 
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identification of functional focal and diffuse CAD patterns is of utmost importance for 

decision making about revascularization. Patients with focal disease have a more severe 

reduction in myocardial perfusion, lower FFR, and higher trans-stenotic gradients12,13. These 

features have also been associated with plaque vulnerability and a worse prognosis14. 

Conversely, patient with diffuse disease have relatively higher FFR values and lower plaque 

stress13,14. Furthermore, treatment options differ in their ability to reestablish epicardial 

conductance. PCI with stent implantation is a focal treatment and despite the clinical benefit 

observed with FFR-guided PCI, one-third of the patients remain with a suboptimal post-PCI 

FFR, which has been associated with major adverse cardiac events7,15. Indeed, in focal CAD, 

PCI has the potential to restore epicardial conductance and relieves ischemia. In contrast, PCI 

in cases of diffuse CAD results in a minor improvement in epicardial conductance and low 

post-PCI FFR16. As such, the conundrum of a comprehensive and precise diagnosis of the 

hemodynamic significance of coronary artery disease (CAD) entails a more detailed 

assessment of the distribution and hemodynamic consequences of atherosclerosis. This thesis 

aims at enhancing current available technologies and introduces novel tools for ischemia-

driven coronary revascularization.  

 

From FFR pullbacks to PPG 

Based on coronary angiograms, different definitions have been proposed aiming at 

differentiating diffuse and focal CAD17–19. However, assessing the pattern of atherosclerosis 

using angiography is often equivocal and has low interobserver reproducibility19. Moreover, 

even in apparent normal coronaries, intravascular ultrasound has demonstrated diffuse 

atherosclerosis indicating that visual assessment of the severity of CAD is misleading20.  

As such, an alternative approach to assess the severity and functional pattern of CAD could be 

based on coronary physiology combined with intracoronary pressure pullbacks. Using FFR, 

this is performed during prolonged adenosine infusions allowing for motorized or manual 

pressure wire withdraw9. These FFR pullback curves depict the distribution of epicardial 

resistance and expose the functional pattern of CAD. As with the interpretation of DS, the 

visual interpretation of the computed pullback curves proves often debatable19. Consequently, 

it appeared of interest for the community to develop a metric that objectively quantifies the 

functional pattern of CAD: focal or diffuse. The Pullback Pressure Gradient (PPG) (chapter 

5), derived from FFR pressure pullbacks, describes the spatial contribution of the 

atherosclerotic process to the overall pressure loss as measured by a single-point, distal FFR. 

The PPG incorporates the magnitude and extension of pressure losses providing a continuous 
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metric from 0 to 1; values close to 0 represent diffuse CAD, whereas values close to 1 

represent focal CAD. As such, after the confirmation of the hemodynamic significance of the 

atherosclerosis by single-point distal FFR, the resulting PPG after pressure wire withdraw 

informs about the appropriateness of PCI. Indeed, PPG has been shown to predict the degree 

of functional revascularization, bearing the potential to enhance patient selection for PCI and 

improve clinical outcomes. Higher PPG at baseline results in higher post-PCI FFR. 

Conversely, PCI in patients with a low PPG results in lower post-PCI FFR (Sonck J, 

EuroPCR 2020). Furthermore, patients with a high PPG are often free from angina after the 

procedure, whereas patients with a low PPG have a higher rate of recurrent angina after PCI 

(Collet C, EuroPCR 2021). Subsequently, it can be hypothesized that patients with a high 

PPG have a better clinical prognosis than patients with a low PPG. This hypothesis is being 

tested in the ongoing prospective evaluation of the impact of the PPG index on clinical 

decision-making and outcomes in the “PPG Global Registry” (NCT04789317).  

To start, the PPG concept was investigated and developed using motorized pullbacks using an 

adapted IVUS pullback machine with a wire withdraw speed of 1 mm per second. For this, we 

primarily assessed the accuracy and reproducibility of motorized FFR pullbacks (chapter 5). 

Automated pullback allowed for a standardization of the pressure-length relationship for co-

registration purposes. This proved instrumental for later comparison with non-invasive FFR 

pullbacks derived from coronary computed tomography scan (FFRCT) described in chapter 6.  

In conjunction with this groundwork, we focused on 2 additional aspects of the invasive 

pullback procedure to allow for the potential adoption of the PPG in a non-research setting in 

the catheterization laboratory (chapter 5). Indeed, motorized pullbacks are cumbersome and 

time demanding. First, adenosine is associated with patient discomfort and potential adverse 

effects e.g. transient AV block21. Also, during long adenosine infusions unstable hyperemia 

could hamper correct pressure analysis for FFR and PPG evaluation22. We re-introduced the 

use of intra-coronary papaverine to achieve hyperemia23,24. We evaluated the vessel‐specific 

dose–response and steady hyperemic state duration stratified by severity of coronary artery 

disease during papaverine induced hyperemia. Intracoronary administration of papaverine 

proved to provide a rapid onset hyperemia with minimal variability and a duration of steady‐

state sufficient for pullback maneuvers. This allowed for the switch from motorized towards 

manual FFR pullbacks. For this, the initial PPG equation was adapted to allow for an online 

PPG calculation derived from manual pullbacks. The accuracy of manual PPG and both intra- 

and inter-operator reproducibility are described in a separate paper. As a result, the PPG is 
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now available online in the catheterization laboratory and can be derived from a 20-40 

seconds manual FFR pullback.  

Concurrently, the feasibility to distinguish focal from diffuse CAD in serial lesions or tandem 

disease was investigated. This was motivated by the cross-talk between stenoses within the 

same coronary artery that makes the prediction of the functional contribution of each lesion 

challenging. We analyzed in tandem disease if FFR pullback tracings with PPG would allow 

for a quantitative functional evaluation useful to assess the appropriateness of PCI and to 

guide percutaneous revascularization strategy. 

Functional-anatomical mismatch 

In the FAME study, more than one-third of lesions with an angiographic 50% to 70% 

diameter stenosis demonstrated an FFR ≤0.80 whereas one-fifth of lesions with a 71% to 90% 

angiographic diameter stenosis demonstrated an FFR > 0.8025. The uncoupled relationship 

between anatomy and physiology is widely recognized26.  

We developed another approach to predict the response to PCI by quantifying the extent of 

functional CAD from FFR pullbacks. With this method, the length of functional disease is 

computed based on an automated algorithm classifying the FFR curve segments as healthy or 

diseased. This approach may be less vulnerable to artefacts in the pullback curves compared 

to the application of a threshold. The difference between the anatomical, herein QCA and 

OCT, and the functional length of CAD was defined as Functional Anatomical Mismatch 

(FAM). Two distinct phenotypes are then identified: (1) functional disease circumscribed 

within the anatomical defined lesion (i.e., FAM > 0), and (2) functional disease extending 

beyond the anatomical defined lesion (FAM < 0). A positive FAM represents focal CAD 

where the functional length of disease is restricted to the anatomical length, whereas a 

negative FAM value identifies the presence of functional disease outside the anatomical 

lesion. In cases with FAM >0, PCI restores epicardial conductance, results in higher post-PCI 

FFR, increases the likelihood of relieving patients from angina and is associated with 

improved clinical outcomes. In contrast, in patients with functional diffuse disease (FAM <0), 

PCI results in minor improvement in vessel physiology, low post-PCI FFR and higher 

likelihood of persistent angina27. Comparable to PPG, also the FAM concept could aid in 

enhancing ischemia-driven revascularization. This concept of Functional Anatomical 

Mismatch is described in chapter 5. 

 

 



 11 

CCTA and FFRCT for diagnosis, decision-making and percutaneous treatment planning 

Technological advances in the field of coronary computed tomography angiography (CCTA) 

have improved the non-invasive evaluation of coronary atherosclerosis. In the SCOT-HEART 

trial, the use of CCTA to detect CAD has proven to tailor patient management and as such 

impact on patient outcomes28,29. Subsequently, CCTA has evolved from a tool to exclude 

coronary artery disease to a tool detecting atherosclerosis in an early phase, assessing for the 

presence of obstructive disease, and risk stratifying patients based on plaque characteristics30–

33. CCTA has the unique opportunity to provide detailed insights in the anatomical 

distribution of the pattern of CAD comparable to intra-vascular imaging34,35. Meanwhile, 

fractional flow reserve derived from coronary CT angiography (FFRCT) has proven to 

correlate well with its non-invasive and invasive counterparts36,37. Initially, our research 

focused on the use of CCTA and FFRCT in the diagnostic process (ADVANCE FFRCT registry 

in chapter 1) and heart team decision-making between PCI and coronary artery bypass 

grafting (CABG) in multi-vessel disease (SYNTAX III Revolution trial in chapter 2). Most 

importantly, the 1-year outcomes from the ADVANCE FFRCT Registry have shown low rates 

of events, with less revascularization and a trend toward lower MACE and significantly lower 

cardiovascular death or MI in patients with a negative FFRCT compared with patients with 

abnormal FFRCT values. In the SYNTAX III trial, in patients with left main or three-vessel 

coronary artery disease, a heart team treatment decision-making based on coronary CTA 

showed high agreement with the decision derived from conventional coronary angiography 

suggesting the potential feasibility of a treatment decision-making and planning based solely 

on this non-invasive imaging modality and clinical information. These results have 

encouraged us to explore other potential applications of FFRCT beyond diagnosing lesion 

significance alone or modulating only the decision between PCI or CABG.  

FFRCT applies computational flow dynamics on a patient-specific coronary geometric 

model38. Subsequently, a potential advantage of the FFRCT technology is that a FFR value can 

be derived at any point of the coronary tree and vessel. As such, FFRCT could be instrumental 

in providing insights in the assessment of pressure loss distribution when virtual FFRCT 

pullbacks are reconstructed from the patient-specific hemodynamic map. This could identify 

CAD patterns, focal or diffuse, non-invasively and comparable to invasive FFR pullbacks. 

For this, we initially assessed the feasibility to derive virtual pullbacks from the FFRCT model 

with motorized invasive FFR pullbacks, developed for the PPG (chapter 5) as a reference. 

Following this step, we expanded our research to a novel FFRCT-based technology that could 

help in predicting the effect of percutaneous revascularization. The FFRCT Planner 
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(HeartFlow, Inc., Redwood City, CA) is a tool able to immediately recompute FFRCT values 

after opening coronary stenoses. The Planner leverages the results of multiple simulations and 

reduced order modeling to instantly calculate a FFRCT value in the desired lumen 

configuration39. This provides the benefit of anticipating the effect of PCI influencing 

treatment planning prior to the catheterization laboratory. As such, FFRCT and the Planner 

could provide hemodynamic cognizance in the pre-catheterization setting, further tailoring 

decision-making and percutaneous treatment planning without the need for pressure wire 

interrogation nor hemodynamic evaluation using invasive FFR pullbacks. This could be 

especially instrumental in simulating PCI in focal vs. diffuse CAD and in tandem disease39,40.  

The FFRCT Planner, was validated in the international prospective, multi-center and core lab 

controlled Precise PCI trial (P3 trial). The primary objective was the agreement between the 

predicted post-PCI FFR by FFRCT Planner and measured post-PCI invasive FFR as a 

reference. The rationale and results of the Precise PCI trial are described in chapter 6. 

 

FFRCT for surgical treatment planning? 

CABG remains the standard-of-care therapy for complex and extensive CAD41,42. Moreover, 

when percutaneous revascularization is expected to result in futile functional restoration of 

flow (e.g., diffuse CAD), medical therapy or surgical CABG could demonstrate more 

appropriate. In the SYNTAX III Revolution trial, the addition of FFRCT altered treatment 

recommendation in 7 percent of cases without the need for a demanding three-vessel FFR 

interrogation during invasive coronary angiography.  In multi-vessel coronary artery disease, 

the availability of a combined anatomic and comprehensive hemodynamic FFRCT map in all 

epicardial branches was anticipated to further enhance surgical treatment recommendation 

and planning. Indeed, FFRCT can identify which vessels should require a bypass and CCTA 

allows for the identification of a normal, graftable landing zone for CABG. As a result, we 

studied the theoretical feasibility of surgical decision-making and treatment planning based on 

non-invasive imaging only. This could render the FFRCT technology a potential game-changer 

for non-invasive decision-making and treatment planning in complex CAD. Based on our 

presented analysis, the FAST-TRACK CABG study is currently recruiting patients 

investigating if CABG based on sole CCTA and FFRCT is feasible and safe43. The paper on 

surgical treatment planning is presented in chapter 6. Our perspective on the use of CT and 

FFRCT for CABG planning is part of the Expert Consensus Document of the SCCT on “Pre-

procedural Planning of Coronary Revascularization by Cardiac-CT” presented in chapter 7.  
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Coronary plaque assessment by CCTA 

Recent developments in CT scan technology have improved its spatial resolution. Previously, 

it was shown that CCTA could reliably evaluate plaque burden and volume34,44. In a first 

collaboration, we have shown that nowadays improved plaque volume assessment can be 

achieved with reduced radiation exposure by modern CT scans. Assessment of plaque 

composition is as important and can influence both the PCI technique as prognosis. Indeed, 

severe coronary calcifications often lead to stent under-expansions. High calcium volume, 

thickness, arc and length have been associated with stent under-expansion45. We evaluated the 

degree of concordance upon calcium volume measurement between coronary CTA and OCT 

in patients undergoing PCI. Both papers addressing the evaluation of coronary plaque by 

CCTA are bundled in chapter 3. 

 

From plaque to hemodynamics 

Plaque composition, severity and extent determine its hemodynamic effect46. The 

identification of the anatomical and functional pattern of CAD by different techniques has 

renewed interest in resulting trans-lesional pressure gradients, flow phenomena and its 

association with plaque progression and rupture. Indeed, the risk of plaque rupture is the 

resultant of plaque resistance, depending on plaque composition, and forces applied on the 

plaque e.g. wall shear stress and axial plaque stress10. In the EMERALD trial, a higher trans-

lesional gradient was associated with increased risk for plaque rupture and ACS14. In our 

paper addressing future culprits for myocardial infarction (chapter 4), we investigated the 

influence of plaque stress on the risk of future ACS. The combination of luminal stenosis, 

pressure gradients and wall shear stress (WSS) predicted the occurrence of MI. A WSS-based 

descriptor that accounts for the variation in the contraction and expansion action of shear 

forces on the endothelium along the cardiac cycle, i.e., TSVI, improved the discrimination of 

lesions prone to rupture. Novel herein, is the fact that the WSS information is derived from 

conventional angiography using a QCA-like software. This brings the calculation of WSS 

closer to clinicians and may increase the feasibility of adopting WSS analysis in routine 

clinical practice. Comparably, FFRCT, able to discriminate between focal and diffuse CAD, 

comprises trans-lesional pressure gradients and the forces on the plaque derived from 

computational flow dynamics. Combined with the identification of adverse plaque 

characteristics on CCTA, FFRCT has as such the potential to further risk stratify patients47–49. 

This is currently investigated in the EMERALD II trial. 
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The conundrum of post-PCI FFR 

The PPG and HeartFlow Planner have demonstrated to predict the degree of functional 

revascularization. Higher PPG at baseline results in higher post-PCI FFR (chapter 5). Also, in 

the Precise PCI Plan trial we validated the HeartFlow Planner that predicts post-PCI FFR 

(chapter 6). Post-PCI FFR has been proposed as a clinical target to optimize PCI and as a 

surrogate endpoint of clinical outcomes15,27,50–55.  Post-PCI FFR measured in the left anterior 

descending (LAD) artery has been reported to be lower than in non-LAD vessels56. This 

finding was also observed during the P3 trial where available OCT and FFR pullbacks 

provided mechanistic insights in the longitudinal FFR decrease in the coronaries. This 

triggered a systematic review of individual patient-level data obtained from four randomized 

clinical trials and five observational studies encompassing 2,760 patients and 3,336 vessels 

with post-PCI FFR measurements. We envisaged to confirm this difference in post-PCI FFR 

observed between LAD and non-LAD and to assess the predictive power of post-PCI FFR for 

adverse events. Next, we tried to identify the mechanisms leading to low post-PCI FFR. We 

studied the hydrostatic effects during pressure wire evaluation of FFR (microtip sensor wire 

vs. fluid-filled pressure wire) and the effect of myocardial mass and vascular volume (V/M 

ratio). We suggested also an influence of the pre-PCI pressure pullback pattern (captured by 

the PPG) and the post-PCI pullback pattern. Indeed, in the PPG and P3 cohorts, PCI of focal 

CAD leads to higher functional gain as compared to percutaneous treatment of diffuse CAD. 

Insufficient data on pullback patterns before PCI are available to unequivocally confirm its 

contribution to a lower post-PCI FFR. Post-PCI in the LAD, after optimal stent implantation 

and even in absence of residual atherosclerotic disease, the FFR pullback curve shows a 

downslope that is statistically different than of non-LAD. In contrast, the pattern of the post-

PCI FFR pullback curve in non-LAD vessels exhibits a flat slope profile leading to higher 

distal FFR values. Currently, there is insufficient information available from OCT and IVUS 

post-PCI to retain this as a clear-cut explanation for the observed lower post-PCI FFR. For 

now, only the hydrostatic effect and the volume to mass ratio are considered to influence post-

PCI FFR. Minor hydrostatic effect produces both pre- and post-PCI a slightly lower FFR in 

the LAD. Vessels that supply a larger amount of myocardium will experience greater pressure 

loss for the same anatomic degree of stenosis, and also greater viscous pressure loss along 

normal vessel segments inducing lower FFR. These concepts are described in the “Expert 

Recommendations for Assessing Fractional Flow Reserve after Percutaneous Coronary 

Interventions” in chapter 6, putting into perspective the interpretation and prediction of post-

PCI FFR.  
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CT-guided PCI 

In the last chapter, a novel concept of “CT-guided PCI” is described. There is an increasing 

awareness of the potential of CCTA to help plan and guide coronary interventions in the 

catheterization laboratory. The first part of the state-of-the-art paper focusses on diagnostic 

novelties and CT-based decision-making regarding treatment strategy. For this, we focus on 

current evidence in luminal assessment, plaque characterization, the evaluation of lesion 

significance and in treatment planning (PCI vs. CABG) integrating data from chapters 1, 2, 3 

and 6. Part two of the paper focuses on the use of CCTA for catheterization laboratory 

preparation and the most novel part 3 introduces the online PCI guidance.  

For this purpose, we developed a novel hardware and software solution to integrate the 

comprehensive CAD assessment by CCTA in the diagnostics and therapeutic workflow of the 

invasive coronary angiography and percutaneous coronary interventions. Reconstructions of 

the coronary circulation derived from CCTA provide a 3D view of the coronary tree and 

plaque components during conventional angiography procedures. A manufacturer-

independent approach was accomplished by attaching an external sensor, called an inertial 

measurement unit to the C-arm. The inertial measurement unit is connected to a Raspberry Pi, 

which continuously communicates the sensor’s—and therefore, also the C-arm’s—orientation 

with the 3D visualization software. Guidance of PCI based on the CT-guided PCI principles 

follows the same flow as with intravascular imaging (e.g., IVUS or OCT) including the 

evaluation of plaque characteristics, composition, and extension57. The continuous display of 

CCTA and invasive angiography allows also the use of anatomic landmarks to visually co-

register both modalities. Currently, we are testing this novel approach in a randomized trial: 

The Precise Procedural PCI Planning trial (P4) should prove that CT-guided PCI is non-

inferior compared to IVUS-guided PCI.  

Additionally, chapter 7 contains an extract from the chapter written in the “Expert Consensus 

Document of the SCCT on Pre-procedural Planning of Coronary Revascularization by 

Cardiac-CT”. This document aims to expound the key technical aspects of CCTA and to 

review the available data that support the role of CCTA, FFRCT and stress myocardial CT-

perfusion in the preprocedural and intraprocedural planning and guidance of myocardial 

revascularization interventions.  
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Chapter introduction 
 
In the first chapter, we focus on the use of FFRCT for the diagnosis of CAD. Following the 

advent of CT-derived FFR, CTA evolved from a tool to exclude CAD to a test able to identify 

hemodynamic significant atherosclerosis38. Initially, FFRCT was validated against invasive 

FFR in the DISCOVER-FLOW, DeFACTO and NXT studies36,58,59. The Assessing 

Diagnostic Value of Non-invasive FFRCT in Coronary Care (ADVANCE) registry was 

designed to observe the ‘real-world’ utility and impact of using FFRCT in a broad variety of 

healthcare settings, geographical regions, and patient populations by examining how the 

incremental information of FFRCT on top of the anatomical information from conventional 

coronary CT angiography altered diagnosis and clinical decision-making, patient 

management, clinical outcomes and resource utilization.   

The main paper was followed by sub-analyses investigating the 1-year impact on medical 

practice and clinical outcomes of FFRCT, the temporal changes in FFRCT-guided management 

of CAD and the clinical utility of FFRCT stratified by age. In the paper on the impact of non-

invasive anatomical testing on optimal medical prescription in patients with suspected 

coronary artery disease, we compared the rate of statins prescription in a patient cohort 

assessed either with coronary CTA or exercise testing and evaluated the agreement on 

medication prescriptions. The intensification of preventive therapy, also observed in the 

SCOT-HEART trial, has the potential to improve patient prognosis.  
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Real-world Clinical Utility and Impact on Clinical 
Decision-making of Coronary Computed Tomography 
Angiography-derived Fractional Flow Reserve: Lessons 

from the ADVANCE Registry 
 
Coronary CT angiography has emerged as a non-invasive tool for the diagnosis of CAD and 

treatment planning in patients with suspected coronary artery disease. Initially, the guidelines 

suggested a pivotal role for coronary CT angiography to exclude the presence of CAD. 

Recently its role has been expanded to the initial test strategy to diagnose CAD in 

symptomatic patients in whom obstructive CAD	cannot be excluded by clinical assessment 

alone (Ia)42. However, the diagnostic accuracy of coronary CT angiography to discriminate 

significant from non-flow limiting CAD is limited60. Recent evolutions in coronary CT 

angiography and CT-derived fractional flow reserve (FFRCT) have broadened the use of 

coronary CT to the assessment of lesion-specific ischemia. The DISCOVER-FLOW, 

DeFACTO and NXT studies have shown a higher correlation between CT-derived FFR and 

invasive FFR increasing mostly the specificity of coronary CT angiography to diagnose 

physiologically significant CAD36,58,59. The combined high sensitivity and enhanced 

specificity of coronary CT angiography and additional CT-derived fractional flow reserve 

extended the use from the initial binary “CAD vs. no CAD” momentum to the diagnostic and 

treatment planning indications. The Assessing Diagnostic Value of Non-invasive FFRCT in 

Coronary Care (ADVANCE) registry was designed to observe the ‘real-world’ utility and 

impact of using FFRCT in a broad variety of healthcare settings, geographical regions, and 

patient populations by examining how the incremental information of FFRCT on top of the 

anatomical information from conventional coronary CT angiography altered diagnosis and 

clinical decision-making, patient management, clinical outcomes and resource utilization.   

5083 Patients being investigated for clinically suspected CAD with documented 

atherosclerosis >30% degree stenosis (DS) on CCTA were prospectively enrolled at 38 sites. 

Demographics, symptom status, CCTA and FFRCT findings, treatment plans, and clinical 

outcomes through 90 days were recorded. Investigators were asked to report an initial 

management plan and treatment strategy based on CCTA alone for each subject in accordance 

with local guidelines for the practice and interpretation of CCTA with optional FFRCT for 

stenoses in the 30–90% range followed by re-determining the treatment strategy based on the 

new information of the CCTA combined with the locally interpreted FFRCT result. 
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Management plan treatment strategies for both site and core laboratory consisted of the 

following options: (i) optimal medical therapy, (ii) percutaneous coronary intervention (PCI), 

(iii) coronary artery bypass grafting (CABG) surgery, or (iv) additional diagnostic testing 

required. 

The primary endpoint was the reclassification rate between CCTA alone vs. CCTA and 

FFRCT-based management plans as determined by the core laboratory. Secondary endpoints 

included: reclassification rate between CCTA-based and FFRCT-based management plans as 

determined by the site; incidence of ICA demonstrating absence of obstructive CAD (no 

coronary stenosis >50%); percutaneous and surgical revascularization rates; and 90 days 

survival free from all cause or major adverse cardiovascular events (MACE) inclusive of 

myocardial infarction (MI), all-cause mortality or unplanned hospitalization for Acute 

Coronary Syndrome (ACS) leading to revascularization. 

The primary endpoint of reclassification between core lab CCTA alone and CCTA plus 

FFRCT-based management plans occurred in 66.9% [confidence interval (CI): 64.8–67.6] of 

patients. Non-obstructive coronary disease was significantly lower in ICA patients with 

FFRCT <_0.80 (14.4%) compared to patients with FFRCT >0.80 (43.8%, odds ratio 0.19, CI: 

0.15–0.25, P< 0.001). In total, 72.3% of subjects undergoing ICA with FFRCT <_0.80 were 

revascularized. No death/myocardial infarction (MI) occurred within 90 days in patients with 

FFRCT >0.80 (n= 1529), whereas 19 (0.6%) MACE [hazard ratio (HR) 19.75, CI: 1.19–326, P 

= 0.0008] and 14 (0.3%) death/MI (HR 14.68, CI 0.88–246, P= 0.039) occurred in subjects 

with an FFRCT <_0.80. 

In a large international multi-center population, FFRCT modified treatment recommendation in 

two-thirds of subjects as compared to CCTA alone, was associated with less negative ICA, 

predicted revascularization, and identified subjects at low risk of adverse events through 90 

days. 
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1-Year Impact on Medical Practice and Clinical 
Outcomes of FFRCT: The ADVANCE Registry 

 
Coronary CT angiography was initially a first-line diagnostic tool to exclude the presence of 

CAD. The randomized SCOT-HEART trial tested a coronary CT angiography based 

diagnostic approach in a population with low- to intermediate-risk and compared this 

approach with standard care. CTA increased certainty in the diagnosis of angina due to 

coronary heart disease (CHD) (relative risk [RR] = 1.79, 95% confidence interval [CI] 1.62-

1.96, p < 0.001) vs. standard care (exercise electrocardiography and/or stress imaging). Most 

importantly, the trial confirmed a difference in death or nonfatal myocardial infarction (MI) at 

5 years between groups: 2.3% in the CTA group vs. 3.9% in the standard care group (p = 

0.004)28. Although CTA was associated with an increase in invasive therapy and 

revascularization in the short-term, there was no difference in invasive therapy and 

revascularization between treatment arms at 5 years. Since there was no difference in overall 

revascularization rates, long-term benefit from CTA may have been due to lifestyle 

modification and statin therapy initiated from the early diagnosis of CAD28.  

Also, the PROMISE (Prospective Multicenter Imaging Study for Evaluation of Chest Pain) 

trial randomized 10,003 low-risk, symptomatic patients to CCTA or stress testing (nuclear 

68%, echo 22%, and exercise 10%). At 25 months, there was no difference in the primary 

composite outcome of death, MI, hospitalization for unstable angina, or major procedural 

complication (3.3% in CCTA group vs. 3% in stress group, P=0.75). Nevertheless, there were 

23% lower odds of MI with the CCTA strategy, but this was not statistically significant (95% 

confidence interval 0.48-1.23) although the study was underpowered to show differences 

between groups61. 

As a consequence of these data, suggesting a potential role for coronary CT to improve 

outcomes, coronary CT angiography emerged as a first-line diagnostic tool in many 

guidelines42.  

Accordingly, The DISCOVER-FLOW, DeFACTO and NXT studies have shown a high 

correlation between CT-derived FFR and gold standard invasive FFR36,58,59. Invasive 

Fractional Flow Reserve (FFR) has demonstrated to improve outcomes7. FFRCT can be 

considered the non-invasive counterpart of invasive FFR.  

The ADVANCE registry showed FFRCT modified treatment recommendations in a large 

majority of patients as compared with coronary CTA alone. In addition, a positive FFRCT was 
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associated with revascularization and less negative invasive coronary angiography (ICA)62. 

Intermediate term clinical utility and outcomes data with an FFRCT had been limited to single-

center reports. Using 1-year data from the ADVANCE Registry, we evaluated the relationship 

of FFRCT with clinical outcomes.  

Patients (N=5,083) evaluated for clinically suspected coronary artery disease and in whom 

atherosclerosis was identified by coronary CTA were prospectively enrolled at 38 

international sites from July 15, 2015, to October 20, 2017. Demographics, symptom status, 

coronary CTA and FFRCT findings and resultant site-based treatment plans, and clinical 

outcomes through 1 year were recorded and adjudicated by a blinded core laboratory. Major 

adverse cardiac events (MACE), death, myocardial infarction (MI), and acute coronary 

syndrome leading to urgent revascularization were captured. 

At 1 year, 449 patients did not have follow-up data. Revascularization occurred in 1,208 

(38.40%) patients with an FFRCT ≤0.80 and in 89 (5.60%) with an FFRCT >0.80 (relative risk 

[RR]: 6.87; 95% confidence interval [CI]: 5.59 to 8.45; p < 0.001). MACE occurred in 55 

patients, 43 events occurred in patients with an FFRCT ≤0.80 and 12 occurred in those with an 

FFRCT >0.80 (RR: 1.81; 95% CI: 0.96 to 3.43; p = 0.06). Time to first 

event (all-cause death or MI) occurred in 38 (1.20%) patients with an FFRCT ≤0.80 compared 

with 10 (0.60%) patients with an FFRCT >0.80 (RR: 1.92; 95% CI: 0.96 to 3.85; p = 0.06). 

Time to first event (cardiovascular death or MI) occurred cardiovascular death or MI occurred 

more in patients with an FFRCT ≤0.80 compared with patients with an FFRCT >0.80 (25 

[0.80%] vs. 3 [0.20%]; RR: 4.22; 95% CI: 1.28 to 13.95; p = 0.01). 

The 1-year outcomes from the ADVANCE FFRCT Registry show low rates of events in all 

patients, with less revascularization and a trend toward lower MACE and significantly lower 

cardiovascular death or MI in patients with a negative FFRCT compared with patients with 

abnormal FFRCT values. 

 



 23 

 



 24 

Temporal Changes in FFRCT-Guided Management of 
Coronary Artery Disease - Lessons from the ADVANCE 

Registry 
 
The ADVANCE registry is a large prospective study of outcomes and resource utilization in 

patients undergoing coronary computed tomography angiography (CCTA) and CT-based 

fractional flow reserve (FFRCT)62. In the ADVANCE registry, intermediate coronary stenoses 

were frequently encountered. In real-life clinical situations, the potential significance of these 

lesions is assessed using additional functional testing. As such, CCTA consistently led to 

further downstream diagnostic and ambiguous therapeutic pathway selection. CT-derived 

fractional flow reserve (FFRCT) is a novel non-invasive physiological analysis that can 

compute FFR values from standard CCTA images38. FFRCT improves the diagnostic 

performance of CCTA alone and reduces the incidence of invasive coronary angiograms 

(ICA) without significant angiographic CAD63,64. Increasing experience with FFRCT 

influences the clinical management strategies in a high proportion of patients with suspected 

CAD as shown in the ADVANCE registry62. In the current study, we investigated temporal 

changes in the use of FFRCT within the ADVANCE registry. 

5083 patients with coronary artery disease (CAD) on CCTA were prospectively enrolled in 

the ADVANCE registry and were divided into 3 equally sized cohorts based on the temporal 

order of enrollment per site. Demographics, CCTA and FFRCT findings, and clinical outcomes 

through 1-year follow-up, were recorded and compared between tertiles. 

The number of patients with a ≥70% stenosis on CCTA was similar over time (33.6%, 30.9%, 

and 33.8% for cohort 1-3). The rate of positive FFRCT ≤0.80 was higher for cohorts 2 (67.3%) 

and 3 (74.6%) than for cohort 1 (57.1%, p < 0.001). Invasive FFR rates decreased from 25.8% 

to 22.4% between cohort 1 and 3 (p = 0.023). Moreover, patients with a FFRCT ≤0.80 were 

less frequently referred for invasive coronary angiography (ICA) (from 62.9% to 52.9%, p < 

0.001), and underwent fewer revascularizations between cohort 1 and 3 (from 41.9% to 

32.0%, p < 0.001). The prevalence of major events was low (1.2%) and similar between 

cohorts. 

Growing experience with FFRCT improved the likelihood of identifying hemodynamically 

significant CAD and safely reduced the need for ICA and revascularization in patients with 

anatomically significant disease even in the instance of an abnormal FFRCT. 
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The Clinical Utility of FFRCT Stratified by Age 
 
Coronary computed tomography angiography (CTA) provides assessment of CAD in patients 

with symptomatic chest pain and has superior or similar prognostic benefit to other non-

invasive imaging strategies61.  However, CTA has limitations related to reduced specificity in 

the setting of coronary lesions with moderate to severe stenosis and high calcification65. This 

remains a significant concern given the increased use of CCTA in older, intermediate to high-

risk groups and in some instances all ages regardless of cardiovascular disease risk. Non-

invasive FFR determined from CTA (FFRCT) correlates well with invasive FFR and improves 

the diagnostic accuracy of CTA for detection of flow-limiting coronary lesions37,66. CTA with 

FFRCT is a safe alternative to invasive coronary angiography (ICA) as a negative FFRCT has 

been shown to have low rates of revascularization and significantly lower cardiovascular 

death and MI compared to those with a positive FFRCT66–68. FFRCT accuracy appears to 

remain high in the instance of high coronary calcification, as in the elderly36. For instance, a 

recent study identified that the diagnostic accuracy, sensitivity and specificity of FFRCT was 

similar across all calcium score categories, including for high Agatston scores (CAC≥400)69. 

However, there is limited data regarding the impact of FFRCT on decision-making, 

downstream ICA, major adverse cardiovascular events (MACE) and revascularization 

according to age. 

Patients in the ADVANCE (Assessing Diagnostic Value of Non-invasive FFRCT in Coronary 

Care) registry were stratified into those ≥65 or <65 years of age. The impact of FFRCT on 

clinical decision-making, as assessed by patient age, was determined by evaluating patient 

management using CTA results alone, followed by site investigators submitting a report on 

the treatment plan based upon the newly provided FFRCT data. Outcomes at 1-year post CTA 

were assessed, including major adverse cardiovascular events (myocardial infarction, all-

cause mortality or unplanned hospitalization for ACS leading to revascularization) and total 

revascularization. Positive FFRCT was deemed to be ≤ 0.8. 

FFRCT was calculated in 1849 (40.6%) subjects aged <65 and 2704 (59.4%) ≥ 65 years of age. 

Subjects ≥65 years were more likely to have anatomic obstructive disease on CTA (≥50% 

stenosis), compared to those aged <65 (69.7% and 73.2% respectively, p = 0.008). There was 

a similar graded increase in recommended and actual revascularization with either CABG or 

PCI, with declining FFRCT strata for subjects above and below the age of 65. MACE and 

revascularization rates were not significantly different for those ≥ or <65, regardless of 

FFRCT positivity or stenosis severity <50% or ≥50%. With a negative FFRCT result, and 



 27 

anatomical stenosis ≥50%, those ≥ and <65 years of age, had similar rates of MACE (0.2% 

for both, p = 0.1) and revascularization (8.7% and 10.4% respectively p = 0.4). Logistic 

regression analysis, with age as a continuous variable, and adjustment for Diamond Forrester 

Risk, baseline FFRCT and treatment (CABG, PCI, medical therapy), indicated a statistically 

significant, but small increase in the odds of a MACE event with increasing age (OR 1.04, 

95% CI 1.006-1.08, p = 0.02). Amongst patients with a FFRCT > 0.80, there was no effect of 

age on the odds of revascularization. 

The findings of this study point to a low risk of MACE events or need for revascularization in 

those aged ≥ or <65 with a FFRCT>0.80, despite the higher incidence of anatomic obstructive 

CAD in those ≥65 years. The findings show the clinical usefulness and outcomes of 

FFRCT are largely constant regardless of age. 
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Impact of Non-invasive Anatomical Testing on Optimal 
Medical Prescription in Patients with Suspected 

Coronary Artery Disease 
 
Compared to functional testing, coronary computed tomography angiography (CTA) 

improves clinical outcomes in patients with suspected coronary artery disease (CAD). Indeed, 

in 2018 the randomized SCOT-HEART trial confirmed a difference in death or nonfatal 

myocardial infarction (MI) at 5 years between groups: 2.3% in the CTA group vs. 3.9% in the 

standard care group (p = 0.004). This is thought to be the result of an increased prescription of 

preventive medical therapy (statins and aspirin) when relying on a CTA imaging strategy28.  

Indeed, the presence of non-obstructive CAD assessed by coronary CT is associated with 

higher rate of major adverse cardiovascular events. Andreini et al. stratified 1,196 consecutive 

patients with suspected CAD undergoing coronary CTA according to the presence of 

atherosclerotic plaque and degree of obstruction. Patients without CAD experienced no events 

during a 52-month follow-up. Of note, the presence of non-obstructive coronary disease was 

associated with a similar rate of events compared to patients with obstructive CAD31. Further 

risk stratification assessing plaque characteristics and composition have identified the 

presence of positive remodeling, low-attenuation plaque, napkin-ring sign and spotty 

calcification as predictors of plaque rupture and acute coronary syndromes70. The 

identification of non-obstructive plaques, or adverse plaque characteristics should prompt the 

treating physician to initiate or intensify medical therapy71. 

In this study, we compared the rate of statins prescription in a patient cohort assessed either 

with coronary CTA or exercise testing and evaluated the agreement on medication 

prescriptions. 

Consecutive patients who underwent coronary CTA and exercise test for suspected CAD were 

included. Four clinical cardiologists independently analyzed each case based on clinical 

information and the result of either coronary CTA or exercise test. For each case, treatment 

strategy and prescription were recorded while blinded to the results of the other cardiac test. 

Treatment strategy was reassessed using the alternative imaging modality three weeks after 

the first evaluation. 

A total of 113 patients were included. Mean age was 56.7±11.5 years, 52% were males and 

diabetes were present in 6%. Coronary CTA showed an obstructive epicardial stenosis in 

21.4% and any type of atherosclerotic plaque in 54.2%. Functional testing identified ischemia 
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in 9.1%. The use of coronary CTA resulted in higher number of statin (64.9% vs. 44.5%, 

P<0.001) and aspirin (21.4% vs. 4.3%, P<0.001) prescriptions. There was a substantial 

agreement on the prescription of statins (mean Cohen's κ coefficient of 0.79±0.07). 

Epicardial atherosclerotic disease was found in half of patients with suspected CAD as 

assessed by coronary CTA. Compared to functional testing, coronary CTA evaluation by 

coronary was associated with an increase in the rate of preventive therapy prescription. 
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Chapter 2: Coronary CT angiography and 
non-invasive Fractional Flow Reserve derived 
from coronary CT angiography for heart team 

decision-making 
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Chapter introduction 
 

In the second chapter, the research focus lies within the use of CT and FFRCT for heart team 

decision-making. In 2011, the functional SYNTAX score (FSS) was introduced enhancing 

risk prediction as compared to the anatomical SYNTAX score. For this, the anatomical 

SYNTAX score was corrected by excluding lesions from non-significant vessels measured by 

iFR or FFR. In the first paper of this chapter, it was hypothesized that FFRCT could provide 

identical functional information to calculate a non-invasive functional SYNTAX score 

derived from CCTA. The proportion of reclassification within the SYNTAX-tertiles was 

compared between the invasive and non-invasive approach and the performance of FFRCT was 

evaluated compared to iFR. Calculation of the noninvasive FSS proved feasible and yielded 

similar results to those obtained with invasive pressure-wire assessment. The agreement on 

the SYNTAX score tertile classification improved with the inclusion of the functional 

component from slight to fair agreement. FFRCT had good accuracy in detecting functionally 

significant lesions in patients with 3-vessel CAD as compared to iFR.  

These results formed the foundation of the SYNTAX III Revolution trial. This study sought to 

determine the agreement between separate heart teams on treatment decision-making based 

on either coronary CTA or conventional angiography in patients with de novo left main or 

three-vessel coronary artery disease. Each heart team consisted of an invasive cardiologist, a 

cardiac surgeon and a radiologist. In contrary to most trials, not the patients but the heart 

teams were randomized to calculate the SYNTAX score II (anatomical SYNTAX score plus 

clinical data) treatment recommendation based on a mortality prediction at 4-years 

(recommending PCI, CABG or equipoise between CABG and PCI). The agreement 

concerning treatment decision between coronary CTA and conventional angiography was 

high (Cohen’s kappa 0.82) and showed higher agreement than the anatomical SYNTAX 

score. The SYNTAX Score III (Anatomical SYNTAX score, clinical comorbidities and 

functional assessment using FFRCT) enabled the heart team to refine the decision-making 

process regarding the optimal revascularization strategy and treatment planning of 

hemodynamically significant lesions.  

In the SYNTAX III Revolution trial, addition of FFRCT downgraded the proportion of three 

vessel disease and changed treatment recommendation in 7%. A detailed sub-analysis focused 

on the impact of FFRCT on treatment decision-making and procedural planning. 

In another ancillary paper, we investigated the agreement between SYNTAX scores and FSS 

as calculated by site and core laboratory and its potential impact on altered treatment 
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recommendation. In a last sub-analysis, we assessed the influence of coronary calcification on 

the evaluation of CCTA and the impact of severe calcification on heart team treatment 

decision-making and procedural planning. 
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Fractional Flow Reserve Derived from Computed 
Tomographic Angiography in Patients with Multivessel 

CAD 
 

In the SYNTAX II study, 83% of the patients had anatomical (diameter stenosis>50%) 3-

vessel coronary artery disease (CAD); the use of instantaneous wave-free ratio (iFR) reduced 

the number of patients with functionally significant 3-vessel disease to 37%72.The functional 

SYNTAX score (FSS), a correction of the SYNTAX score (SS) using  fractional flow reserve 

(FFR), reclassified 34% of patients from high- and moderate-risk SS tertiles to the low-risk 

tertile in the FAME trial73. The functional SYNTAX score (FSS) has been shown to improve 

the discrimination for major adverse cardiac events compared with the anatomic SYNTAX 

score (SS) while reducing interobserver variability73. Fractional flow reserve derived from 

computed tomography angiography (FFRCT) can be used to calculate the noninvasive FSS. 

However, evidence supporting the noninvasive FSS in patients with multivessel coronary 

artery disease (CAD) is scarce. Also, the diagnostic accuracy of FFRCT with iFR as a clinical 

reference was never explored before. 

The purpose of this study was to assess the feasibility of and validate the noninvasive FSS 

derived from coronary computed tomography angiography (CTA) with fractional flow reserve 

(FFRCT) in patients with 3-vessel CAD. 

The CTA-SS was calculated in patients with 3-vessel CAD included in the SYNTAX II 

(SYNergy between percutaneous coronary intervention with TAXus and cardiac surgery II) 

study. The noninvasive FSS was determined by including only ischemia-producing lesions 

(FFRCT ≤0.80). SS derived from different imaging modalities were compared using the 

Bland-Altman and Passing-Bablok method, and the agreement on the SS tertiles was 

investigated with Cohen's Kappa. The risk reclassification was compared between the 

noninvasive and invasive physiological assessment, and the diagnostic accuracy of 

FFRCT was assessed by the area under the receiver-operating characteristic curve using 

instantaneous wave-free ratio as a reference. 

The CTA-SS was feasible in 86% of patients (66 of 77), whereas the noninvasive FSS was 

feasible in 80% (53 of 66). The anatomic SS was overestimated by CTA compared with 

conventional angiography (27.6 ± 6.4 vs. 25.3 ± 6.9; p < 0.0001) whereas the calculation of 

the FSS yielded similar results between the noninvasive and invasive imaging modalities 

(21.6 ± 7.8 vs. 21.2 ± 8.8; p = 0.589). The noninvasive FSS reclassified 30% of patients from 
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the high- and intermediate-SS tertiles to the low-risk tertile, whereas invasive FSS reclassified 

23% of patients from the high- and intermediate-SS tertiles to the low-risk tertile. The 

agreement on the classic SS tertiles based on Kappa statistics was slight for the anatomic SS 

(Kappa = 0.19) and fair for the FSS (Kappa = 0.32). The diagnostic accuracy of FFRCT to 

detect functional significant stenosis based on an instantaneous wave-free ratio ≤0.89 revealed 

an area under the receiver-operating characteristics curve of 0.85 (95% CI: 0.79 to 0.90) with 

a sensitivity of 95% (95% CI: 89% to 98%), specificity of 61% (95% CI: 48% to 73%), 

positive predictive value of 81% (95% CI: 76% to 86%), and negative predictive value of 

87% (95% CI: 74% to 94%). 

Calculation of the noninvasive FSS is feasible and yielded similar results to those obtained 

with invasive pressure-wire assessment. The agreement on the SYNTAX score tertile 

classification improved with the inclusion of the functional component from slight to fair 

agreement. FFRCT has good accuracy in detecting functionally significant lesions in patients 

with 3-vessel CAD.  
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Coronary Computed Tomography Angiography for Heart 
Team Decision-making in Multivessel Coronary Artery 

Disease 
 

Myocardial revascularization has proven to improve outcomes in patients with multi-vessel 

CAD74. The treatment decision and choice between PCI and coronary artery bypass grafting 

(CABG) is based mainly on anatomical complexity, clinical comorbidity and a heart team 

approach for final decision-making75. Invasive coronary angiography remained for years the 

mainstay modality to ascertain the anatomical CAD extent and severity. Recently, coronary 

CT angiography emerged as a novel non-invasive diagnostic tool providing the same 

anatomical information as invasive coronary angiography76. On top of the anatomical 

evaluation by CCTA, FFRCT has the potential to assess the physiologic repercussion of 

coronary stenoses comparable to invasive fractional flow reserve (FFR)36.  

The SYNTAX score has been developed to aid in heart team treatment decision-making on a 

patient level. Calculation of the SYNTAX score derived from coronary CTA has been shown 

to be accurate with respect to the one derived from invasive angiographic assessment77. The 

SYNTAX score II combines the anatomical SYNTAX score I with clinical characteristics and 

comorbidities to provide a treatment recommendation based on the predicted 4-year mortality 

in patients undergoing coronary artery bypass grafting surgery (CABG) or percutaneous 

coronary intervention (PCI)78,79. The non-invasive functional SYNTAX score was 

additionally used in this study to calculate the SYNTAX Score III, which is conceptually a 

combination of coronary anatomical complexity with its physiological repercussion and 

patient’s clinical characteristics and comorbidities. 

Coronary computed tomography angiography (CTA) has emerged as a non-invasive 

diagnostic method for patients with suspected coronary artery disease, but its usefulness in 

patients with complex coronary artery disease remains to be investigated. The present study 

sought to determine the agreement between separate heart teams on treatment decision-

making based on either coronary CTA or conventional angiography. 

Separate heart teams composed of an interventional cardiologist, a cardiac surgeon, and a 

radiologist were randomized to assess the coronary artery disease with either coronary CTA 

or conventional angiography in patients with de novo left main or three-vessel coronary artery 

disease. Each heart team, blinded for the other imaging modality, quantified the anatomical 

complexity using the SYNTAX score and integrated clinical information using the SYNTAX 
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Score II to provide a treatment recommendation based on mortality prediction at 4 years: 

coronary artery bypass grafting (CABG), percutaneous coronary intervention (PCI), or 

equipoise between CABG and PCI. The primary endpoint was the agreement between heart 

teams on the revascularization strategy. The secondary endpoint was the impact of fractional 

flow reserve derived from coronary CTA (FFRCT) on treatment decision and procedural 

planning. Overall, 223 patients were included. A treatment recommendation of CABG was 

made in 28% of the cases with coronary CTA and in 26% with conventional angiography. 

The agreement concerning treatment decision between coronary CTA and conventional 

angiography was high (Cohen's kappa 0.82, 95% confidence interval 0.74-0.91). The heart 

teams agreed on the coronary segments to be revascularized in 80% of the cases. FFRCT was 

available for 869/1108 lesions (196/223 patients). Fractional flow reserve derived from 

coronary CTA changed the treatment decision in 7% of the patients. 

In patients with left main or three-vessel coronary artery disease, a heart team treatment 

decision-making based on coronary CTA showed high agreement with the decision derived 

from conventional coronary angiography suggesting the potential feasibility of a treatment 

decision-making and planning based solely on this non-invasive imaging modality and 

clinical information. 
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Impact of Fractional Flow Reserve Derived from 
Coronary Computed Tomography Angiography on Heart 

Team Treatment Decision-Making in Patients with 
Multivessel Coronary Artery Disease: Insights from the 

SYNTAX III REVOLUTION Trial 
 

Fractional flow reserve (FFR) is a reliable tool for the functional assessment of coronary 

stenoses. FFR-guided PCI has proven to prevent adverse events7. In patients with multivessel 

disease, FFRCT has shown to have good diagnostic performance with invasive pressure-wire 

assessment as reference80. Moreover, the extent, severity, and functional component of CAD 

can be objectively quantified using the functional SYNTAX score80. The functional SYNTAX 

score has higher discrimination for clinical events compared with the anatomic SYNTAX 

score, while reducing inter-observer variability. The calculation of the SYNTAX score III, 

combining in a noninvasive setting anatomy, physiology and patient’s clinical information 

provides the heart team with individualized risk stratification and treatment recommendation 

based on the predicted 4-year mortality in patients undergoing PCI or CABG81. 

The SYNTAX III REVOLUTION trial (Synergy Between Percutaneous Coronary 

Intervention with Taxus and Cardiac Surgery) showed that in patients with left main or 3-

vessel CAD treatment decision-making based on coronary computed tomography 

angiography (CTA) is in high agreement with the decision derived from conventional 

angiography82. However, the influence of FFRCT on treatment decision-making and selection 

of vessels for revascularization remains to be investigated. Thus, the present study sought to 

determine the impact of FFRCT on heart team’s treatment decision and procedural planning 

(selection of vessels for revascularization) in patients with left main or 3-vessel CAD. 

The trial was an international, multicenter study randomizing 2 heart teams to make a 

treatment decision between percutaneous coronary interventions and coronary artery bypass 

grafting using either coronary computed tomography angiography or conventional 

angiography. The heart teams received the FFRCT and had to make a treatment decision and 

planning integrating the functional component of the stenoses. Each heart team calculated the 

anatomic SYNTAX score, the noninvasive functional SYNTAX score and subsequently 

integrated the clinical information to compute the SYNTAX score III providing a treatment 

recommendation, that is, coronary artery bypass grafting, percutaneous coronary intervention, 

or equipoise coronary artery bypass grafting-percutaneous coronary intervention. The primary 
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objective was to determine the proportion of patients in whom FFRCT changed the treatment 

decision and planning. 

Overall, 223 patients were included. Coronary computed tomography angiography assessment 

was feasible in 99% of the patients and FFRCT analysis in 88%. FFRCT was available for 1030 

lesions (mean FFRCT value 0.64±13). A treatment recommendation of coronary artery bypass 

grafting was made in 24% of the patients with coronary computed tomography angiography 

with FFRCT. The addition of FFRCT changed the treatment decision in 7% of the patients and 

modified selection of vessels for revascularization in 12%. With conventional angiography as 

reference, FFRCT assessment resulted in reclassification of 14% of patients from intermediate 

and high to low SYNTAX score tertile. 

In patients with 3-vessel coronary artery disease, a noninvasive physiology assessment using 

FFRCT changed heart team's treatment decision-making and procedural planning in one-fifth 

of the patients. 
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Site vs. Core Laboratory Variability in Computed 
Tomographic Angiography-derived SYNTAX Scores in the 

SYNTAX III Trial 
 

The SYNTAX score (SS) is recommended for the evaluation of the anatomical complexity 

and the decision-making process regarding the revascularization strategy41. The calculation of 

the SS derived from coronary CTA has been shown to be accurate with respect to the one 

derived from ICA assessment77. The SYNTAX score II combines the anatomical SS with 

clinical information providing a treatment recommendation based on mortality prediction at 4 

years83. The primary report of the SYNTAX III Revolution study showed a high agreement 

between treatment decision-making based on coronary CTA and the decision derived from 

ICA with a kappa of 0.82 [95% confidence interval (CI) 0.74–0.91]. The results of the 

SYNTAX III study endorse an expansion of coronary CTA use in the decision-making 

process of the optimal revascularization strategy82. FFR can add the functional component of 

CAD to the anatomical SS to calculate the ‘functional SYNTAX score’ defined as a 

recalculated SS counting only ischemia producing lesions as assessed by FFR. The latter was 

reported to be a better predictor of clinical outcome in patients with multivessel coronary 

artery disease (CAD)73. Coronary CTA is capable to non-invasively assess the 

physiological repercussion of coronary narrowing by means of computational 

flow dynamics [FFR from CTA (FFRCT)36,38. In the SYNTAX III Revolution trial, the 

anatomical and functional SS were calculated by the participating sites, while these 

SS were also calculated by core laboratory (CL). 

The present study investigates the variability between site and core laboratory (CL) 

calculation of the anatomical SYNTAX score (SS) based on coronary computed tomography 

angiography (CTA) alone and functional SS based on coronary CTA and fractional flow 

reserve derived from computed tomography (FFRCT) in the SYNTAX III trial. 

The SYNTAX III trial was a multicenter, international study that included 223 patients with 

three-vessel disease with or without left main involvement. Functional SS was computed by 

subtracting non-flow limiting stenoses (FFRCT > 0.80) from anatomical SS. SS was combined 

with clinical information to generate the SYNTAX score II (SS II) that provides treatment 

recommendations. The mean anatomical SS based on coronary CTA alone was 33.4 ± 12.7 by 

sites and 37.1 ± 13.4 by CL (P < 0.001). The mean functional SS based on coronary CTA and 

FFRCT was 30.5 ± 13.0 by sites and 33.3 ± 13.6 by CL (P < 0.001). The intraclass correlation 
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coefficient was 0.49 [95% confidence interval (CI) 0.37-0.59) in anatomical SS and 0.62 

(95% CI 0.52-0.70) in functional SS. The Cohen's κ comparing treatment recommendation 

between sites and CL was 0.68 (95% CI 0.58-0.78) based on anatomical SS and 0.71 (95% CI 

0.60-0.82) based on functional SS. 

The mean anatomical SS derived from coronary CTA alone and functional SS based on 

coronary CTA and FFRCT were higher when assessed by the CL than by the sites themselves. 

However, substantial agreement in treatment recommendation by SS II between sites and CL 

was demonstrated. 
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Impact of Coronary Calcification Assessed by Coronary 
CT Angiography on Treatment Decision in 

Three Vessels CAD Patients: Insights from Syntax III trial 
 

The aim of the current analysis was to determine Syntax Scores based on coronary computed 

tomography angiography (CCTA)and invasive coronary angiography (ICA) and to assess 

whether heavy coronary calcification significantly limits the CCTA evaluation and the impact 

of severe calcification on heart team’s treatment decision and procedural planning in patients 

with three-vessel coronary artery disease (CAD) with or without left main disease. 

The SYNTAX III was a multicenter, international study that included patients with three-

vessel CAD with or without left main disease. The heart teams were randomized to either 

assess coronary arteries with coronary CCTA or ICA. We stratified the patients based on the 

presence of at least one lesion with heavy calcification defined as arc of calcium >180 within 

the lesion using CCTA. Agreement on the anatomical SYNTAX score and treatment decision 

was compared between patients with and without heavy calcifications. 

Overall, 222 patients with available CCTA and ICA were included in this trial sub-analysis 

(104 with heavy calcification, 118 without heavy calcification). The mean difference in the 

anatomical SYNTAX score (CCTA-derived – ICA-derived) was lower in patients without 

heavy calcifications (mean [-1.96 SD; +1.96 SD] = 1.5 [-19.3; 22.4] versus 5.9 [-17.5; +29.3], 

p=0.004). The agreement on treatment decision did not differ between patients with (Cohen’s 

Kappa 0.79) or without coronary calcifications (Cohen’s Kappa 0.84). The agreement on the 

treatment planning did not differ between patients with (concordance 80.3%) or without 

coronary calcifications (concordance 82.8%). 

An overall good correlation between CCTA- and ICA-derived Syntax score was found. The 

presence of heavy coronary calcification moderately influenced the agreement between 

CCTA and ICA on the anatomical SYNTAX score. However, agreement on the treatment 

decision and planning was high and irrespective of the presence of calcified lesions. 
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Correlations (upper panels) and differences (bottom panels) between anatomical Syntax Score 
derived from coronary computed tomography angiography (CCTA) and invasive coronary angiography 

(ICA) in patients with (left panels) and without (right panels) heavy coronary calcifications. 
 
 
 
 
 

 
 

A case of a heavily calcified lesion leading to discrepancy between coronary computed tomography 
angiography (CCTA)-derived (panel A) and invasive coronary angiography (ICA)-derived (panel B) 

SYNTAX Scores. 
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Chapter 3: Coronary CT angiography as a 
non-invasive alternative to assess coronary 

plaque characteristics   
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Chapter introduction 
 
Continuous technological advances in CCTA broadened its role from diagnosing CAD to a 

tool able to assess plaque characteristics. Indeed, CCTA can quantify the extent of the 

atherosclerotic process comparable to intra-vascular imaging (IVUS and OCT). This consists 

of volumetric plaque assessment but also plaque composition evaluation has proven 

feasible34,44. The latter can be important to risk stratify patients with CAD, e.g. adverse plaque 

characteristics47–49. In a first paper, we evaluated whether these last generation CT-scanner 

have improved coronary plaque volume assessment using IVUS as standard-of-reference. 

 

When severely calcified atherosclerosis is identified, procedural and forethought plaque 

modification planning could improve PCI results45. The improved spatial resolution of whole-

heart coverage CT scanner and calcium “removal” by dual-energy CT in latest state-of-the-art 

scanners has theoretically improved plaque level diagnostics. Calcified plaque volume (in 

mm3) can accurately be assessed during catheterization by optical coherence tomography 

(OCT)84. The aim of the second study of this chapter was to investigate the accuracy of last-

generation CTA-derived quantification of calcification volume as compared with OCT.  

 

CCTA can accurately identify healthy coronary segments on top of plaque evaluation. As 

such, coronary CT may emerge as a tool for a comprehensive invasive procedural planning 

comparable to the use of intra-vascular imaging during PCI. The integration of plaque 

evaluation, luminal assessment and hemodynamic analysis is described in the last chapter on 

CT-guided PCI. The current chapter was instrumental to develop the plaque maps and IVUS-

like algorithm used in the CT-guided PCI guidance.  
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Plaque Quantification by Coronary Computed 
Tomography Angiography using Intravascular 

Ultrasound as a Reference Standard: A Comparison 
between Standard and Last Generation Computed 

Tomography Scanners 
 

The emerging role of coronary computed tomography angiography (CCTA) as a non-invasive 

tool for atherosclerosis evaluation is supported by data reporting a good correlation between 

CCTA and intravascular ultrasound (IVUS) for plaque volume quantification34,35. Aim of the 

present study was to evaluate whether a last generation CT-scanner may improve coronary 

plaque volume assessment using IVUS as standard-of-reference. 

From a registry of 1915 consecutive, all-comers, patients who underwent a clinically 

indicated IVUS evaluation we enrolled 59 patients who underwent CCTA with a 64-slice CT 

(Group 1) and 59 patients who underwent CCTA with whole-heart coverage CT scanner 

(Group 2). Patients who underwent CCTA with unfavorable heart rhythm were not excluded 

from the analysis. Image quality (4-point Likert scale) focused on plaque analysis was 

evaluated. Plaque volume quantification by CCTA was compared to IVUS. No difference in 

clinical characteristics was found between Group 1 and Group 2. Plaque volume 

quantification by CCTA was considered not feasible in 11 plaques of Group 1 and in 4 

plaques of Group 2 (P = 0.09). Higher correlation for plaque volume quantification by CCTA 

vs. IVUS was demonstrated in Group 2 when compared with Group 1 (r = 0.9888 vs. 0.9499; 

P < 0.0001). The Bland-Altman analysis showed plaque volume overestimation by CCTA of 

11.9 mm3 in Group 1 and 4 mm2 in Group 2 (P < 0.001). Effective radiation dose of CCTA 

was significantly lower in Group 2 vs. Group 1 (2.7 ± 0.9 vs. 8.1 ± 3.6 mSv, respectively; P < 

0.001). 

CCTA using a new scanner generation showed to be an accurate non-invasive tool to assess 

and quantify coronary plaque volume. 
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Quantification of Calcium Burden by Coronary CT 
Angiography Compared to Optical Coherence 

Tomography 
 

 

About one third of patients undergoing percutaneous coronary interventions (PCI) have 

moderate to severe coronary artery calcifications (CAC)85. Severe CAC often lead to stent 

under-expansions and have been linked with poor prognosis following PCI86,87.  

Coronary artery calcifications (CAC) are frequently observed in patients referred for coronary 

CT angiography (CTA)44. Calcification volume (in mm3) can accurately be assessed during 

catheterization by optical coherence tomography (OCT)84. The aim of the present study was 

to investigate the accuracy of CTA-derived assessment of calcification volume as compared 

with OCT.  

66 calcified plaques (32 vessels) from 31 patients undergoing OCT-guided PCI with coronary 

CT acquired as a standard of care were included. Coronary CT and OCT images were 

matched using fiduciary points. Calcified plaques were reconstructed in three dimensions to 

calculate calcium volume. A Passing-Bablok regression analysis and the Bland-Altman 

method were used to assess the agreement between imaging modalities. Twenty-seven left 

anterior descending arteries and 5 right coronary arteries were analyzed. Median calcium 

volume by CTA and OCT were 18.23 mm3 [IQR 8.09, 36.48] and 10.03 mm3 [IQR 3.6, 

22.88] respectively; the Passing-Bablok analysis showed a proportional without a systematic 

difference (Coefficient A 0.08, 95% CI - 1.37 to 1.21, Coefficient B 1.61, 95% CI 1.45 to 

1.84) and the mean difference was 9.69 mm3 (LOA - 10.2 to 29.6 mm3). No differences were 

observed for minimal lumen area (Coefficient A 0.07, 95% CI - 0.46 to 0.15, Coefficient B 

0.85, 95% CI 0.64 to 1.2).  

CTA volumetric calcium evaluation overestimates calcium volume by 60% compared to 

OCT. This may allow for an appropriate interpretation of calcific burden in the non-invasive 

setting. Even in presence of calcific plaques, a good agreement in the MLA assessment was 

found. Coronary CT may emerge as a tool to quantify calcium burden for invasive procedural 

planning. 
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Fig. 1 The left side shows a straight multiplanar reconstruction derived from coronary CT angiography of a left anterior descending 

artery with five calcified plaques (white stars). Representative cross sections with the corresponding calcium areas are shown. On the 
right side, the same vessel is depicted with optical coherence tomography. Matched cross sections with CT show the calcium area. 

Calcium volume is presented at the plaque and vessel levels. 
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Chapter 4: Non-invasive assessment of the 
hemodynamic impact of CAD 
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Chapter introduction 
 

In chapter four, we highlight the potential of the use of CT perfusion in the assessment of 

stented segments. CCTA and FFRCT are technically hampered to assess in-stent restenosis by 

beam hardening artifacts caused by metallic stents88,89. CT perfusion has the potential to 

overcome these anatomical limitations. We investigated whether the combined anatomical 

and functional assessment with CCTA plus CTP may have higher diagnostic performance as 

compared to CCTA alone in identifying stented patients with significant ISR or CAD 

progression. In the attached review Sonck et Conte et al. reviewed the current evidence and 

position of FFRCT and CT perfusion for the evaluation of the functional impact of coronary 

artery stenosis by cardiac CT. 

Angiography-derived FFR has also the potential to improve the interpretation of the 

hemodynamic significance of a given coronary narrowing as compared to ICA. 3D-QCA 

enables to construct a patient-specific coronary geometry that can be further processed by 

computational fluid dynamics (CFD) to perform blood flow simulations that can derive 

pressure drops. The simulated FFR can be derived either from blood flow simulation using 

CFD or by a mathematical approach derived from the Lance Gould equation or by rapid 

pressure-flow simulations90,91. Angiography-derived FFR has been shown to provide similar 

risk stratification as with three-vessel invasive pressure wire interrogation92. As such, for 

patients with complex CAD, angiography-derived FFR could be instrumental to assess multi-

vessel lesion significance. Pre-CABG, angiography-derived FFR could aid in demonstrating 

which vessel should be bypassed or not. Post-CABG, angiography-derived FFR provides 

insights in native coronary CAD progression. Moreover, accelerated progression of 

atherosclerosis in grafted native coronary arteries after CABG has been described before93,94. 

In our research paper, we aimed to characterize the functional progression of CAD in native 

vessels of patients treated with CABG in grafted and nongrafted vessels and to assess the 

relationship between preoperative angiography-derived FFR values and graft occlusion. 

Likewise, post-heart transplant patients are systematically scheduled for ICA to detect cardiac 

allograft vasculopathy (CAV). Nowadays, a grading system based on coronary angiography 

is recommended by the international society of heart and lung transplantation (ISHLT) to 

evaluate the severity and extent of CAV95. However, coronary angiography lacks the 

resolution to diagnose early as well as diffuse stages of CAV. Also, intra-vascular imaging 

(IVUS) lacks the ability to assess the functional consequences of CAV. Fractional Flow 

Reserve (FFR) captures the hemodynamic consequences of vascular disease. In heart 
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transplant patients, an abnormal epicardial physiology on the basis of an FFR <0.90 predicts 

worse clinical outcome. Angiography-based FFR (vFFR) estimates have been shown 

to perform well against invasive FFR as shown in our presented review and meta-analysis on 

the diagnostic performance of angiography-derived FFR. Therefore, we aimed to evaluate 

CAV by comparing the standard ISHLT grading system with functional vFFR measurements. 

We also aimed at evaluating if the functional progression of CAV was captured by the 

angiography-derived FFR. If so, we could speculate that vFFR may be a helpful tool 

in the evaluation of CAV and risk stratification post heart transplantation. For this, vessel FFR 

has the advantage to abolish the need for invasive physiology or intra-vascular imaging.  

 

In the Future Culprit study, we evaluated the interaction between wall shear stress (WSS), 

lesion severity and pressure gradients. Wall shear stress has been shown to be predictive for 

future plaque rupture and coronary events. In the EMERALD study, Koo et al. have depicted 

lower FFRCT and higher △FFRCT, WSS, and axial plaque stress in culprit lesions from 

patients with a CCTA available from before the acute coronary syndrome occurred96. In our 

angiographic analysis, the combination of luminal stenoses, pressure gradients derived from 

vFFR and WSS predicted the occurrence of ACS. Moreover, the topological shear variation 

index, representing the variation in contraction-expansion action of endothelial shear forces 

along the cardiac cycle, improved the discrimination of lesion prone for plaque rupture and 

ACS. Addition of accessible state-of-the-art computational fluid dynamics (CFD) on a 

standard computer to ICA and QCA-like software with vessel FFR (vFFR) could facilitate the 

adoption of WSS in a clinical setting. Also, the limited time necessary to calculate the WSS 

using the proposed algorithm could allow for the identification of coronary plaques at risk 

comparable to the approach based on CCTA and FFRCT.   
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Rationale and Design of Advantage (Additional 
Diagnostic Value of CT Perfusion over Coronary CT 

Angiography in Stented Patients with Suspected In-stent 
Restenosis or Coronary Artery Disease Progression) 

Prospective Study 
 

Recent studies demonstrated a significant improvement in the diagnostic performance of 

coronary CT angiography (CCTA)97,98. However, coronary stent assessment is still 

challenging, especially because of beam-hardening artifacts due to metallic stent struts and 

high atherosclerotic burden of non-stented segments88,89. Adenosine-stress myocardial 

perfusion assessed by CT (CTP) recently demonstrated to be a feasible and accurate tool for 

evaluating the functional significance of coronary stenoses in patients with suspected 

coronary artery disease (CAD)99–101. Yet, scarce data are available on the performance of CTP 

in patients with previous stent implantation102. 

We aim to assess the diagnostic performance of CCTA alone, CTP alone and CCTA plus CTP 

performed with a new scanner generation using quantitative invasive coronary angiography 

(ICA) and invasive fractional flow reserve (FFR) as standard of reference. 

We will enroll 300 consecutive patients with previous stent implantation, referred for non-

emergent and clinically indicated invasive coronary angiography (ICA) due to suspected ISR 

or progression of CAD in native coronary segments. All patients will be subjected to stress 

myocardial CTP and a rest CCTA. The first 150 subjects will undergo static CTP scan, while 

the following 150 patients will undergo dynamic CTP scan. Measurement of invasive FFR 

will be performed during ICA when clinically indicated. 

The primary study end points will be: 1) assessment of the diagnostic performance (diagnostic 

rate, sensitivity, specificity, positive predictive value, negative predictive value and diagnostic 

accuracy) of CCTA, CTP, combined CCTA-CTP and concordant CCTA-CTP vs. ICA as 

standard of reference in a territory-based and patient-based analysis; 2) assessment of 

sensitivity, specificity, positive predictive value, negative predictive value and diagnostic 

accuracy of CCTA, CTP, combined CCTA-CTP and concordant CCTA-CTP vs. invasive 

FFR as standard of reference in a territory-based analysis. 

The ADVANTAGE study aims to provide an answer to the intriguing question whether the 

combined anatomical and functional assessment with CCTA plus CTP may have higher 
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diagnostic performance as compared to CCTA alone in identifying stented patients with 

significant ISR or CAD progression. 
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CT Perfusion vs Coronary CT Angiography in Patients 
with Suspected In-stent Restenosis or CAD Progression 

 
The goal of this study was to assess the diagnostic performance of coronary computed 

tomography angiography (CTA) alone, adenosine-stress myocardial perfusion assessed by 

computed tomography (CTP) alone, and coronary CTA + CTP by using a 16-cm Z-axis 

coverage scanner versus invasive coronary angiography (ICA) and fractional flow reserve 

(FFR) as the clinical standard. 

Diagnostic performance of coronary CTA for in-stent restenosis detection is still challenging. 

Coronary computed tomography angiography (CTA) is generally not recommended in 

patients with coronary stents due to artifacts resulting from metallic stent struts103. Recent 

evolutions in CT technology have dramatically improved image quality and broadened the 

potential applications including the improved combined CCTA and perfusion imaging97,98. 

Recently, CTP showed additional diagnostic power over coronary CTA in patients with 

suspected coronary artery disease104. However, few data are available on CTP performance in 

patients with previous stent implantation102. 

Consecutive stable patients with previous coronary stenting referred for ICA were enrolled. 

All patients underwent stress myocardial CTP and rest CTP + coronary CTA. Invasive FFR 

was performed during ICA when clinically indicated. The diagnostic rate and diagnostic 

accuracy of coronary CTA, CTP, and coronary CTA + CTP were evaluated in stent-, 

territory-, and patient-based analyses. 

In the 150 enrolled patients (132 men; mean age 65.1 ± 9.1 years), the CTP diagnostic rate 

was significantly higher than that of coronary CTA in all analyses (territory based [96.7% vs. 

91.1%; p < 0.0001] and patient based [96% vs. 68%; p < 0.0001]). When ICA was used as 

gold standard, CTP diagnostic accuracy was significantly higher than that of coronary CTA in 

all analyses (territory based [92.1% vs. 85.5%, p < 0.03] and patient based [86.7% vs. 76.7%, 

p < 0.03]). The concordant coronary CTA + CTP assessment exhibited the highest diagnostic 

accuracy values versus ICA (95.8% in the territory-based analysis). The diagnostic accuracy 

of CTP was significantly higher than that of coronary CTA (75% vs. 30.5%; p < 0.001). The 

radiation exposure of coronary CTA + CTP was 4.15 ± 1.5 mSv. 

In patients with coronary stents, CTP significantly improved the diagnostic rate and accuracy 

of coronary CTA alone compared with both ICA and invasive FFR as gold standard. 
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Diagnostic Performance of Angiography-derived 
Fractional Flow Reserve: A Systematic Review and 

Bayesian Meta-analysis 
 

Discrepancy between anatomy and physiology is found in approximately 20% of the lesions 

with QCA diameter stenosis >70% and in half of lesions with diameter stenosis between 50% 

and 70% with respect to fractional flow reserve (FFR)105,106. This fact has limited the 

usefulness of diameter stenosis and led to the recommendation to use pressure-wire derived 

metrics of functional stenosis significance to define the need for revascularization, 

particularly in intermediate coronary lesions107. Nowadays, 3D-QCA enables to construct a 

patient-specific coronary geometry that can be further processed by computational fluid 

dynamics (CFD) to perform blood flow simulations that can derive endothelial shear stress 

and pressure drop. The simulated FFR can be derived either from blood flow simulation using 

CFD or by a mathematical approach derived from the Lance Gould equation or by rapid 

pressure-flow simulations90,91.  

Pressure-wire assessment of coronary stenosis is considered the invasive reference standard 

for detection of ischemia-generating lesions. Recently, methods to estimate the fractional flow 

reserve (FFR) from conventional angiography without the use of a pressure wire have been 

developed and were shown to have an excellent diagnostic accuracy. The present systematic 

review and meta-analysis aimed at determining the diagnostic performance of angiography-

derived FFR for the diagnosis of hemodynamically significant coronary artery disease. 

A systematic review and meta-analysis of studies assessing the diagnostic performance of 

angiography-derived FFR systems were performed. The primary outcome of interest was 

pooled sensitivity and specificity. Thirteen studies comprising 1842 vessels were included in 

the final analysis. A Bayesian bivariate meta-analysis yielded a pooled sensitivity of 89% 

(95% credible interval 83-94%), specificity of 90% (95% credible interval 88-92%), positive 

likelihood ratio (+LR) of 9.3 (95% credible interval 7.3-11.7) and negative likelihood ratio (-

LR) of 0.13 (95% credible interval 0.07-0.2). The summary area under the receiver-operating 

curve was 0.84 (95% credible interval 0.66-0.94). Meta-regression analysis did not find 

differences between the methods for pressure-drop calculation (computational fluid dynamics 

vs. mathematical formula), type of analysis (on-line vs. off-line) or software packages. 
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The accuracy of angiography-derived FFR was good to detect hemodynamically significant 

lesions with pressure-wire measured FFR as a reference. Computational approaches and 

software packages did not influence the diagnostic accuracy of angiography-derived FFR. A 

diagnostic strategy trial with angiography-derived FFR evaluating clinical endpoints is 

warranted. 
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Graft Patency and Progression of Coronary Artery 
Disease after CABG Assessed by Angiography-derived 

Fractional Flow Reserve. 
 
Graft occlusion after coronary artery bypass graft surgery (CABG) has been associated with 

native coronary artery competitive flow. Saphenous graft occlusion occurs in approximately 

25% of patients at 18 months of follow up whereas arterial grafts have been shown to have 

higher patency rates at long-term follow up108,109. Graft occlusion after CABG has been 

associated with patient-related factors, conduit type, surgical technique. Moreover, the 

presence of native coronary artery competitive flow has also been identified as a predictor of 

early graft occlusion110–112. Several studies have demonstrated an accelerated progression of 

atherosclerosis in grafted native coronary arteries after CABG.  

Angiography-derived FFR software have been shown to be accurate with invasive FFR as 

reference113. This technology has also the potential to increase our understanding on the 

functional progression of CAD after CABG. Furthermore, angiography-derived FFR may aid 

to identify vessels that do not require bypass grafting. 

The present study aims to characterize the functional progression of coronary artery disease 

(CAD) in native vessels after CABG, and to assess the relationship between preoperative FFR 

as derived from angiography and graft occlusion. 

Multicenter study of consecutive patients undergoing CABG between 2013 and 2018, in 

whom a follow-up angiogram had been performed. Serial vessel-fractional flow reserve 

(vFFR) analyses were obtained in each major native coronary vessel before and after CABG, 

excluding post-anastomotic segments and graft conduits. 

In 73 patients, serial angiograms were suitable for vFFR analysis, including 118 grafted (86 

arterial and 32 saphenous grafts) and 64 non-grafted vessels. The median time between 

CABG and follow-up angiography was 2.4 years [IQR 1.5, 3.3]. Functional CAD progression, 

by means of decline in vFFR, was observed in grafted but not in non-grafted vessels (delta 

vFFR in grafted vessels 0.10 [IQR 0.05, 0.18] vs. 0.01 [IQR -0.01, 0.03], in non-grafted 

vessels, p < 0.001). Preoperative vFFR predicted graft occlusion (AUC: 0.66, 95% CI 0.52 to 

0.80, p = 0.031). 

In patients undergoing CABG, preoperative vFFR derived from conventional angiograms 

without use of pressure wire was able to predict graft occlusion. Graft occlusion was more 

frequent in vessels with high vFFR values. Grafted native coronary vessels exhibited 



 72 

accelerated functional CAD progression, whereas in non-grafted native coronaries the 

functional status remained unchanged. 
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Vessel Fractional Flow Reserve and Graft Vasculopathy 
in Heart Transplant Recipients 

 

Cardiac allograft vasculopathy (CAV) remains the Achilles' heel of long-term survival after 

heart transplantation (HTx). The severity and extent of CAV is graded with conventional 

coronary angiography (COR) which has several limitations95. Coronary angiography lacks the 

resolution to diagnose early as well as diffuse stages of CAV. Also, intra-vascular imaging 

(IVUS) lacks the ability to assess the functional consequences of CAV. In contrary, fractional 

Flow Reserve (FFR) captures the hemodynamic consequences of vascular disease. Recently, 

vessel fractional flow reserve (vFFR) derived from COR has emerged as a diagnostic 

computational tool to quantify the functional severity of coronary artery disease. The present 

study assessed the usefulness of vFFR to detect CAV in HTx recipients. 

In HTx patients referred for annual check-up, undergoing surveillance COR, the extent of 

CAV was graded according to the criteria proposed by the international society of heart and 

lung transplantation (ISHLT). In addition, three-dimensional coronary geometries were 

constructed from COR to calculate pressure losses using vFFR. 

In 65 HTx patients with a mean age of 53.7 ± 10.1 years, 8.5 years (IQR 1.90, 15.2) years 

after HTx, a total number of 173 vessels (59 LAD, 61 LCX, and 53 RCA) were analyzed. The 

mean vFFR was 0.84 ± 0.15 and median was 0.88 (IQR 0.79, 0.94). A vFFR ≤ 0.80 was 

present in 24 patients (48 vessels). HTx patients with a history of ischemic cardiomyopathy 

(ICMP) had numerically lower vFFR as compared to those with non-ICMP (0.70 ± 0.22 vs. 

0.79 ± 0.13, p = 0.06). The use of vFFR reclassified 31.9% of patients compared to the 

anatomical ISHLT criteria. Despite a CAV score of 0, a pathological vFFR ≤ 0.80 was 

detected in 8 patients (34.8%). 

The impairment in epicardial conductance assessed by vFFR in a subgroup of patients without 

CAV according to standard ISHLT criteria suggests the presence of a diffuse vasculopathy 

undetectable by conventional angiography. Therefore, we speculate that vFFR may be useful 

in risk stratification after HTx. 
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Risk of Myocardial Infarction based on Endothelial Shear 
Stress Analysis Using Coronary Angiography 

 

To assess the capacity of shear stress analysis derived from conventional coronary 

angiography to detect lesions culprit for future myocardial infarction (MI). 

Among 6885 patients with MI, 80 had previous invasive angiograms suitable for three-

dimensional coronary reconstruction. Quantitative coronary angiography (QCA), fractional 

flow reserve derived from angiography (vFFR) and wall shear stress (WSS) were analyzed in 

76 future culprit lesions and in 102 non-culprit lesions (controls). Endothelium-blood flow 

interaction was assessed by two quantities i.e., time-averaged wall shear stress (TAWSS) and 

topological shear variation index (TSVI). Mean age was 70.3±12.7 years, 29% of patients 

were female. Culprit lesions showed higher percent area stenosis (%AS), delta lesion vFFR, 

TAWSS and TSVI compared to non-culprit lesions (p<0.05 for all). TSVI was superior to 

TAWSS in predicting MI (AUCTSVI = 0.75, 95% CI 0.69-0.81 vs. AUCTAWSS = 0.61, 95% CI 

0.55-0.67, p<0.001). The addition of TSVI increased the predictive and reclassification ability 

compared to a model based on %AS and delta lesion vFFR (net reclassification improvement 

= 1.04, p<0.001, relative integrated discrimination improvement = 0.21, p<0.001).  

Lesions culprit for future MI can be identified using QCA-based WSS analysis. The 

combination of luminal stenosis, pressure gradients and WSS predicted the occurrence of MI. 

A WSS-based descriptor that accounts for the variation in the contraction and expansion 

action of shear forces on the endothelium along the cardiac cycle, i.e., TSVI, improved the 

discrimination of lesions prone to rupture. 
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Left panel: schematic representation of shear stress at the luminal surface (i.e., the WSS) caused by blood 
flow. Right panel: schematic representation of WSS contraction/expansion regions, i.e., the regions where 
WSS exerts a push/pull action on endothelial cells, as identified by the divergence of the WSS unit vector 
field (DIVWSS). Positive DIVWSS values indicate an expansion region (red colour), while negative 
DIVWSS values indicate a contraction region (blue colour). B) Schematic representation of WSS 
contraction/expansion action on endothelial cells and its variability during the cardiac cycle. The variability 
of contraction/expansion action exerted by the WSS during the cardiac cycle can be quantified by the 
topological shear variation index (TSVI). 
 

 

 
 
Workflow of the study: From routine two-dimensional coronary angiograms, a three-dimensional 
reconstruction of the vessel is obtained. Anatomical lesion characteristics, such as minimal lumen area 
(MLA) and percentage area stenosis (%AS), are obtained from quantitative coronary angiography (QCA). 
The geometrical information of the vessel reconstruction is exploited to compute the pressure drop along the 
vessel (virtual fractional flow reserve, vFFR) and to perform computational fluid dynamic (CFD) simulations 
to obtain wall shear stress (WSS)-based descriptors, such as the time-averaged wall shear stress (TAWSS) 
and the topological shear variation index (TSVI). WSS-based descriptors were surface-averaged according 
to a predefined lesion subdivision. Finally anatomical-based, pressure-based and WSS-based quantities were 
used to perform the statistical analysis comparing future culprit lesions vs non-future culprit lesions. 
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Receiver operating characteristic (ROC) curves of the multivariate models. A non-significant incremental 

predictive capacity was obtained by adding time-averaged wall shear stress (TAWSS) to a prediction model 
with lesion virtual fractional flow reserve (vFFR) and percentage area stenosis (%AS) (∆AUC +0.03, De 
Long p = 0.1). On the contrary, adding topological shear variation index (TSVI) to the model with %AS 

and lesion vFFR added significant gain in predictive capacity (∆AUC + 0.11, De Long p < 0.001). 

 

 

 

 

 

 

 

 

 

 

AUC (95%CI) p-value
%AS + lesion vFFR + TAWSS 0.69 (0.61-0.76) <0.001
%AS + lesion vFFR 0.66 (0.58-0.74) <0.001
%AS + lesion vFFR + TSVI 0.77 (0.70-0.84) <0.001

p = 0.1
p < 0.001
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Chapter 5: Redefining the patterns of coronary 
artery disease 
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Chapter introduction 
 

Chapter five and six represent cardinal chapters for this thesis. Previously, it appeared feasible 

to measure even subtle hemodynamic changes in disease progression and coronary 

remodeling non-invasively using FFRCT114. Comparably, invasive FFR has the potential to 

appraise functional changes in and patterns of coronary artery pressure and resistance. When 

performing an FFR measurement (Pressure wire X), Pd/Pa is measured with a sampling rate 

of 10 milliseconds. We introduced invasive motorized FFR pullbacks that were acquired 

using a dedicated pullback device at a speed of 1 mm/s generating thousands of pressure 

(Pd/Pa) points for pullback curve creation. The correlation between FFRCT and FFR pullbacks 

proved strong (correlation coefficient 0.76 (95%CI 0.75 to 0.78; p < 0.001). Also, the mean 

difference in lesion gradient between FFRCT and FFR was −0.07 (LOA -0.26 to 0.13) whereas 

in non-obstructive segments was −0.01 (LOA -0.06 to 0.05). As such, shown in a proof-of-

concept paper, the evaluation of epicardial coronary resistance using coronary CT 

angiography with FFRCT proved feasible and accurate for the evaluation of pressure gradients. 

On one hand this has enabled us to validate in depth the HeartFlow Planner (chapter 6). On 

the other hand, this facilitated the endeavors in further refining FFR. 

For this purpose, we initially had to describe the accuracy and reproducibility of the 

motorized pullback technique. The mean difference between pullbacks was −0.002 (LOA 

−0.058 to 0.054) with a difference in AUPC between the two FFR pullbacks of 2.1 ± 1.6%. 

Also, at prespecified anatomical locations, the mean difference between the FFR derived from 

the pullback data and the measured FFR was neglectable: 0 (LOA −0.040 to 0.039) and the 

repeatability of the distal FFR measurement was high (bias −0.003, LOA −0.046 to 0.041).  

This work formed the basis for the paper on the “Measurement of Hyperemic Pullback 

Pressure Gradients to Characterize the Patterns of Coronary Atherosclerosis”. In this paper, 

the objective was to characterize the pathophysiological patterns of CAD using motorized 

coronary pressure pullbacks during continuous hyperemia and to propose a quantitative 

assessment of the spatial distribution of the epicardial resistance in patients with stable CAD. 

The PPG index quantifies the spatial distribution of epicardial resistances and discriminates 

between focal and diffuse epicardial atherosclerosis: 
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Maximal PPGs over 20 mm of length quantified the magnitude of pressure drop, whereas 

length of functional deterioration measured the extent of disease. The higher the PPG index, 

the more focal the stenosis. The lower the PPG index, the more diffuse the CAD. Using the 

PPG, 36% of the vessel disease patterns were reclassified when compared with conventional 

angiography also increasing interobserver agreement concerning the identification of the 

CAD pattern. 

To render the PPG a technique applicable in the daily clinical catheterization laboratory, we 

then wanted to facilitate the pullback measurement by bypassing the use of intravenous 

adenosine administration for hyperemia. Also, intra-coronary adenosine does not provide long 

enough hyperemia to perform an FFR pullback and PPG calculation. We re-introduced intra-

coronary papaverine. In our study, using standardized papaverine doses, we found time to 

90% of the hyperemic onset of 12.4 (IQR 8.8–19.2) seconds and a hyperemic plateau duration 

of 43.6 (IQR 36.1–60.7) seconds without adverse events related to the use of papaverine.  

Then, the PPG derived from motorized pullbacks was adapted for manual pullbacks by making 

the original equation's parameters based on absolute values (i.e., mm) relative to the pullback 

duration. Therefore, the adapted equation resulted in:  

 

𝐏𝐏𝐆	 =

Max	Pressure	Gradient	over	20%	pullback	length
Vessel	FFR	gradient + (1 − proportion	of	pullback	length	with	FFR	deterioration)	

2  
 
 

In a next analysis, we proved that PPG calculation for manual pullbacks resulted in similar 

values compared to motorized pullbacks, that both intra- and inter-operator reproducibility of 

manual PPG were excellent, and that the duration of the pullback did not affect the 

reproducibility of the PPG.  

From the initial cohort of the JACC paper, the PPG performance was assessed in tandem 

disease. Serial stenoses often represent a physiological conundrum because the interaction 

(cross talk) between the different stenoses prevent merely summing up the trans-stenotic 

pressure gradients taken in isolation. As a consequence, isolating the functional contribution 

of each lesion in a serial circuit either in resting or hyperemic conditions remains challenging 

Intracoronary pressure pullbacks are essential to understand the physiological effect of serial 

lesions40. The ideal model is represented by a pressure curve depicting two focal pressure 

drops in a pullback curve. Nonetheless, vessels with angiographic serial lesions might also 

present diffuse pressure losses without evident drop. The Pullback Pressure Gradient (PPG) 
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index quantifies the functional pattern of CAD as either focal or diffuse. The presented study 

on “Hyperemic hemodynamic characteristics of serial coronary lesions assessed by Pullback 

Pressure Gradients” aimed at characterizing the functional pattern of CAD in vessels with 

serial lesions using mechanized FFR pullback and PPG. 

 

Invasive functional assessment of epicardial CAD is recommended in myocardial 

revascularization guidelines.42 Pressures ratios under hyperemic or in resting conditions can 

be used to assess the hemodynamic significance of an epicardial narrowing; this is 

particularly recommended in patients with intermediate epicardial stenosis (i.e. visual 

diameter stenosis between 30% and 70%)115. In 2002, results of an international registry 

showed that the higher was the post-PCI fractional flow reserve (FFR) value, the lower the 

probability of an adverse event at follow-up116. Subsequently, several studies have shown a 

relationship between post-PCI FFR and major adverse cardiac events, with various 

dichotomous predictive cutoff values15,52,56,117. Post-PCI FFR has been proposed as a clinical 

target to optimize PCI and as an endpoint of clinical outcomes in many trials. 

After successful angiographic PCI, approximately one fourth of patients retains a sizable 

epicardial pressure gradient due to residual atherosclerotic disease or suboptimal stent 

deployment55. In the state-of-the-art paper “Invasive coronary physiology after stent 

implantation: Another step towards precision medicine”, the authors focus on the different 

tools available to improve and assess post-PCI physiology. Currently available invasive 

methods are described, i.e., Pd/Pa, FFR, iFR and QFR. For PPG, an extension of FFR, an 

exponential relationship has been observed between the PPG value and functional gain (i.e., 

FFR after PCI minus FFR before PCI), with a substantial improvement expected above PPG 

values of 0.50 to 0.60. PPG, therefore, shows strong potential to predict the physiologic 

response to PCI (Sonck J, EuroPCR 2020). Successful PCI re-establishes epicardial 

conductance and improves myocardial perfusion. Consequently, FFR measured after PCI can 

quantify the degree of functional revascularization.  

Notwithstanding, we observed during our research a lower FFR post-PCI in LAD compared 

to non-LAD. in a pooled analysis we confirmed a difference in post-PCI FFR of 0.06 

(standard error 0.002) units, lower in the LAD and higher in non-LAD vessels. Several factors 

contribute to this phenomenon: (1) the hydrostatic effect on the pressure wire, (2) the 

myocardial mass, absolute myocardial blood flow and volume to mass ratio, (3) post-PCI 

pressure pullback patterns and (4) pressure pullback endotypes e.g., focal vs. diffuse CAD 

patterns. The P3 study and PPG concept contributed to this understanding. Co-registration of 
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motorized FFR pullbacks and optical coherence tomography revealed characteristic patterns 

of post-PCI FFR pullback curves in LADs and non-LADs. In the LAD, gradual pressure 

decline was systematically present independent of the presence of disease. In other words, in 

LADs after optimal stent implantation, even in absence of residual atherosclerotic disease, the 

FFR pullback curve shows a downslope in the FFR pullback that is statistically different than 

non-LADs. In contrast, the pattern of the post-PCI FFR pullback curve in non-LAD vessels 

often exhibits a zero-slope profile leading to higher distal FFR values. Moreover, pressure 

deterioration can occur gradually along the coronary vessel with homogeneously distributed 

pressure gradients. Alongside, focal pressure gradients in the pullback curve arise from 

residual (or unmasked) stenosis or stent under-expansion (both potentially treatable). These 

two mechanisms can of course co-exist to produce a combination of focal and diffuse pressure 

loss. The former resembles the functional endotype observed in post-PCI LAD pullbacks due 

to greater viscous loss from larger distal mass even in a normal vessel but can also be 

appreciated in vessels with truly diffuse CAD.  

Based on all observations, we defined recommendations for clinical interpretation of post-PCI 

FFR. Most importantly, post-PCI FFR can be considered a metric of functional 

revascularization, largely determined by the baseline phenotype of CAD (focal vs. diffuse) 

and PCI technique. Post-PCI FFR should be interpreted in a vessel specific manner. Due 

mainly to hydrostatic effects but also variable myocardial mass, the LAD is associated with 

lower post-PCI FFR values. Mechanisms leading to low post-PCI FFR should be elucidated 

by pullback and differentiated between focal jumps or diffuse residual pressure loss. Lastly, 

although a higher post-PCI FFR reduces the probability of adverse events, its predictive value 

remains modest. 

Using FFR pullbacks, we hypothesized that we could quantify the mismatch in the extent of 

CAD compared with QCA or OCT with resulting potential impact on FFR after PCI. To 

calculate functional length, an automatic piece-wise linearization and classification of the 

FFR curve segments was developed. In detail, the functional length of disease for each 

coronary artery was obtained as the summation of the length of all linearized FFR curve 

segments classified as diseased by the algorithm. In summary, this novel approach confirmed 

that lesion length based on QCA and FFR pullbacks was not correlated. In contrast, CAD 

length derived from OCT correlated with functional CAD extent. The mismatch between the 

length of anatomical and functional CAD (i.e., Functional- Anatomical Mismatch (FAM), 

either derived from QCA or OCT) correlated with the improvement in epicardial conductance 

after percutaneous revascularization. Addition and fusion of FFR pullbacks with QCA or 
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intra-coronary imaging, as a second level of decision-making after the confirmation of 

hemodynamic lesion significance, has the potential to maximize functional gain and coronary 

conductance post-PCI.    
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Impact of Coronary Remodeling on Fractional Flow 
Reserve 

 

In the early stage of coronary atherosclerosis, expansive remodeling compensates for plaque 

growth without affecting luminal dimensions or even results in a mild luminal 

enlargement.118,119 However, the impact of subclinical coronary artery disease progression on 

physiological parameters remains elusive. Coronary computed tomography angiography has 

emerged as a noninvasive method to evaluate lumen and plaque dimensions.120 In addition, 

vessel conductance can be assessed by the 3-dimensional reconstruction of the coronary 

lumen geometry and simulation of blood flow.38,121  

This study aimed to evaluate the impact of coronary arterial remodeling and lumen 

dimensions on fractional flow reserve derived from coronary computed tomography 

angiography (FFRCT). 

Serial coronary computed tomography angiography was performed in 24 patients with known 

coronary artery disease at baseline and the 54-month follow-up. Coronary vessels ≥2.0 mm in 

diameter with at least 10 mm in length were analyzed by an independent core laboratory 

(Cardialysis BV) using a validated software package (Medis QAngioCT). For the serial 

analyses, vessels were matched in length between baseline and follow-up. The FFRCT 

(HeartFlow, Inc) results are presented as the area under the virtual pullback curve (AUvPC), 

calculated by plotting the FFRCT value at every 10 mm versus length of the vessel (Figure, A). 

The association between variables was investigated with the Spearman correlation coefficient. 

Mixed-effect models with random intercept were used to account for the within patient 

correlation of vessels. The definition of disease progression and regression was based on 2 

times the SD of the mean difference of the repeated measurement. 

The study was approved by the ethics committee of each institution, and all subjects signed 

informed consent. 

Overall, 80 vessels from 24 patients were serially assessed and included in this study. All 

patients were treated with statins. Quantitative coronary computed tomography angiography 

analysis was feasible in 54 vessels, whereas FFRCT was feasible in 45 of 54 (83%) of vessels. 

At baseline, the mean plaque burden was 53 ± 9% and mean luminal area was 9.41 ± 4.4 

mm2. Overall, plaque and lumen dimensions remained unchanged (Δplaque area, 0.19 mm2; 

95% confidence interval, −0.91 to 0.53; P=0.60; and Δlumen area, 0.27 mm2; 95% confidence 
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interval, −0.63 to 0.09; P=0.13). In addition, the FFRCT remained stable (ΔFFRCT AUvPC, 

0.27; 95% confidence interval, −0.1 to 0.1; P=0.966). Nineteen vessels showed expansive 

remodeling; 16 exhibited negative remodeling; and 19 remained unchanged. The FFRCT 

deteriorated in 15 vessels, improved in 23 vessels, and remained unchanged in 7 vessels. 

The change in mean plaque area was strongly correlated with the change in mean vessel area 

(Figure, B), whereas changes in mean plaque area did not correlate with changes in mean 

lumen area (Figure, C). Expansive remodeling was associated with luminal enlargement; for 

every 1-mm2 increase in vessel area, the lumen area increased by 0.24 mm2 (Figure, D). The 

changes in mean vessel area and mean lumen area were positively correlated with changes in 

FFRCT AUvPC, whereas plaque changes had no impact on FFRCT (Figure, E through G). 

The main findings of this study can be summarized as follows: (1) In patients with 

nonobstructive coronary artery disease, mean lumen area, plaque area, and vessel area 

remained unchanged during 4.5 years of observation; (2) the conductance of the vessel, as 

reflected in the FFRCT AUvPC, did not significantly deteriorate or improve; and (3) vessel 

area changes were positively correlated with changes in mean lumen area and FFRCT AUvPC. 

Studies addressing the impact of statin treatment on coronary plaque have found that 

atherosclerosis progression can be associated with luminal enlargement. Transcending the 

anatomic findings, the present study incorporates the functional assessment of the 

conductance of the coronary vessels. Expansive remodeling was associated with an increase 

in mean lumen area and improvement in FFRCT. The virtual physiological evaluation allowed 

us to calculate the FFRCT AUvPC, which showed to be useful in reflecting the physiological 

changes in subclinical states of coronary artery disease, as an alternative to a topical FFR 

threshold used in clinical practice to detect ischemia (0.75–0.80). 

In conclusion, this study shows that in patients with nonobstructive coronary artery disease, 

expansive remodeling has an impact on FFRCT. Progression of coronary atherosclerosis 

leading to expansive remodeling can be associated with paradoxical luminal enlargement 

and improvement in FFRCT. 
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Correlation between changes in vessel, plaque, lumen area, and fractional flow reserve derived from computed 
tomography angiography (FFRCT). A, An example of the serial measurement of FFRCT. FFRCT was assessed at every 10 mm to 
calculate the area under the virtual pullback curve (AUvPC). Morphometric relationships are shown on the left (blue circles) 
and the functional relationships on the right (red circles). B, Significant positive correlation between changes in mean plaque 
area and vessel area. C, Significant positive correlation between changes in mean vessel area and lumen area. D, 
Nonsignificant correlation between the changes in mean plaque area and mean lumen area. E, Significant positive correlation 
between the changes in mean vessel area and FFRCT AUvPC. A nonsignificant correlation was found between plaque changes 
and FFRCT changes (F), whereas a significant positive correlation was found between lumen changes and FFRCT changes (G). 
The gray lines indicate the boundaries of the reproducibility of the measurements. 
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Evaluation of epicardial coronary resistance using 
computed tomography angiography: A proof of concept 

 
Pressures ratios under hyperemic or in resting conditions can be used to assess the 

hemodynamic significance of an epicardial narrowing; this is particularly recommended in 

patients with intermediate epicardial stenosis (i.e. visual diameter stenosis between 30% and 

70%).115 The current approach relies on the assessment of pressure indexes using one 

measurement distal to the epicardial stenosis.7 A single distal measurement accounts for the 

accumulation of pressure drops related to proximal stenoses and frictional pressure losses 

often observed in mild diffuse disease. An FFR pullback can depict the pattern and 

distribution of epicardial coronary artery resistance (e.g. focal vs diffuse).9 Fractional flow 

reserve derived from coronary CT angiography (FFRCT) is a non-invasive method that uses 

patient-specific coronary geometries to perform blood flow simulation providing an FFRCT 

value at any position of the coronary tree.36,58,59 An FFRCT virtual pullback curve may provide 

additional information compared to one single distal FFR value.122 However, the accuracy of 

the virtual FFRCT pullback curve remains to be determined. The present study aims to 

investigate the accuracy of the virtual FFRCT pullback curve using a motorized hyperemic 

FFR pullback as a clinical reference. 

FFR values were extracted from coronary vessels at approximately 1 mm to generate pullback 

curves. Invasive motorized FFR pullbacks were acquired using a dedicated device at a speed 

of 1 mm/s. A total of 3172 matched FFRCT and FFR values were obtained in 24 vessels. The 

correlation coefficient between FFRCT and FFR was 0.76 (95%CI 0.75 to 0.78; p < 0.001). 

The area under the pullback curve was similar between FFRCT and invasive FFR (79.0 ± 16.1 

vs. 85.3 ± 16.4, p=0.097). The mean difference in lesion gradient between FFRCT and FFR 

was −0.07 (LOA -0.26 to 0.13) whereas in non-obstructive segments was −0.01 (LOA -0.06 

to 0.05). 

The evaluation of epicardial coronary resistance using coronary CT angiography with FFRCT 

was feasible. FFRCT virtual pullback appears to be accurate for the evaluation of pressure 

gradients. FFRCT has the potential to identify the pathophysiological pattern of coronary 

artery disease in the non-invasive setting. 
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Motorized fractional flow reserve pullback: Accuracy 
and reproducibility 

 

The present study aimed at determining the accuracy and reproducibility of motorized FFR 

pullbacks in patients with stable coronary artery disease.  

Fractional flow reserve (FFR) is recommended for decision making regarding myocardial 

revascularization. The distribution of epicardial resistance along coronary vessels can be 

assessed using FFR pullbacks.  

Duplicated FFR pullbacks were acquired using a motorized device at a speed of 1 mm/s in 

intermediate coronary stenosis. In addition, a single FFR value was measured at an 

anatomical landmark. The agreement between FFR measurements was assessed using the 

Bland–Altman method, Pearson's correlation coefficient and area under the pullback curve 

(AUPC).  

In 20 vessels, 37,326 FFR values were obtained. The mean FFR from the pullbacks was 0.91 

± 0.08 whereas the mean FFR at the distal location was 0.85 ± 0.09. The mean difference 

between pullbacks was −0.002 (LOA −0.058 to 0.054). The difference in AUPC between the 

two FFR pullbacks was 2.1 ± 1.6%. At prespecified anatomical locations, the mean difference 

between the FFR derived from the pullback data and the measured FFR was 0 (LOA −0.040 

to 0.039). The repeatability of the distal FFR measurement was high (bias −0.003, LOA 

−0.046 to 0.041).  

A motorized FFR pullback was accurate to assess the distribution of epicardial resistance in 

patients with intermediate coronary artery disease. The reproducibility of the FFR pullback 

was high. Further studies are required to determine the potential usefulness of a hyperemic 

FFR pullback strategy for decision making and treatment planning. 
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Measurement of Hyperemic Pullback Pressure 
Gradients to Characterize Patterns of Coronary 

Atherosclerosis 
 

Diffuse atherosclerosis is commonly observed in angiographically normal segments in 

patients with stable coronary artery disease (CAD). The distribution of epicardial resistance 

along the vessel can be evaluated using coronary physiology. 

The purpose of this study was to characterize the pathophysiological patterns of CAD using 

invasive pressure pullbacks during continuous hyperemia. 

In this prospective, multicenter study of patients undergoing clinically indicated coronary 

angiography due to stable angina, a pressure-wire pullback device was set at a speed of 1 

mm/s. Based on coronary angiography and on the fractional flow reserve (FFR) pullback 

curve, the patterns of CAD were adjudicated as focal, diffuse, or a combination of both. The 

distribution of epicardial resistance was characterized using the hyperemic pullback pressure 

gradients (PPGs). The PPG index, a continuous metric based on the magnitude of pressure 

drop over 20 mm and on the extent of functional disease was computed to determine the 

pattern of CAD. Low PPG index indicates diffuse CAD. 

A total of 158 vessels (117 patients) were included. Overall, 984.813 FFR values were used to 

generate 100 FFR pullback curves. Using coronary physiology, 36% of the vessel disease 

patterns were reclassified compared to angiography. The median of maximal PPG over 20 

mm was 0.083 (interquartile range: 0.063 to 0.118) FFR units, and the mean extent of 

functional disease was 39.3 ± 21.3 mm. The mean PPG index was 0.58 ± 0.18 and 

differentiated pathophysiological focal and diffuse disease (p < 0.001). 

Pathophysiological patterns of CAD can be characterized by motorized hyperemic PPGs. The 

evaluation of the FFR pullback curve reclassified one-third of the vessels’ disease patterns 

compared with conventional angiography. The PPG index is a novel metric that quantifies the 

distribution of epicardial resistance and discriminates focal from diffuse CAD. 
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Duration of Hyperemia with Intracoronary 
Administration of Papaverine 

 
 

Fractional flow reserve (FFR) and pressure pullback gradient (PPG) are 2 hyperemic indices 

used in clinical practice to determine the hemodynamic significance of coronary stenoses and 

distribution of epicardial resistance. The PPG is calculated using FFR values along the 

coronary vessels during a pullback maneuver for determination of the pattern (e.g., focal or 

diffuse) of coronary artery disease.123 Insufficient hyperemia may minimize pressure drops 

and affecting pressure gradients quantification. 

Papaverine has been validated for FFR measurements in several studies.124,125 However, 

despite its relatively long duration of action, a detailed analysis of the vessel-specific dose–

response and steady hyperemic state duration stratified by severity of coronary artery disease 

is still lacking. 

The data that support the findings of this study are available from the corresponding author 

upon reasonable request. This was a prospective, single-center study of patients undergoing 

coronary angiography with an indication for FFR measurement. Approval 

was obtained from the local Ethics Committee (OLV-74690), and the study protocol was in 

accordance with the Declaration of Helsinki. Written informed consent was obtained from all 

patients before enrollment in this study. A 6F guiding catheter was inserted through the 

femoral or radial artery. A pressure guidewire (PressureWire X, Abbott Vascular, USA) was 

advanced in the distal part of the vessel to obtain (distal mean coronary pressure [Pd]) at least 

30 mm beyond the epicardial lesion. Pd/mean aortic pressure (Pd/ Pa) values were recorded. 

The contrast was flushed from the guiding catheter and hyperemia was induced with 

intracoronary papaverine at a dose of 12 to 16 mg for the left coronary artery and 8 to 12 mg 

for the right coronary artery. The time to maximal hyperemia (time needed to reach 80% 

[T80] and 90% [T90] of the minimal value of Pd/Pa after the injection of papaverine) and 

plateau phase (time during which Pd/Pa remained at >90% of its minimal value) were 

computed (Figure A).3 Variability during the plateau phase was assessed extracting 1 FFR 

value per second. Groups were stratified according to the FFR value of ≤0.80. 

Statistical comparisons between groups were performed using the Mann-Whitney U test. 

Overall, 46 patients (51 vessels) were included. Vessel types were 32 left anterior descending 

coronary arteries, 11 left circumflex coronary arteries, and 8 right coronary arteries. The mean 

diameter stenosis was 43.5 ± 13.0%. The mean pressure tracing recording time 



 96 

after papaverine injection was 1.72 ± 0.65 minutes. The mean FFR was 0.82 ± 0.09 and 23 

vessels had an FFR ≤0.80. There were no adverse effects or complications observed during 

the administration of papaverine. Median T80 and T90 were 9.2 (IQR 7.4–11.9) seconds and 

11.4 (IQR 9.2–16.4) seconds, respectively. The plateau phase lasted for 40.5 (IQR 22.2–49.8) 

seconds. The changes of Pd/Pa value during the plateau phase were 0.001 (IQR −0.016 to 

0.019; coefficient of variation of 11.4%). The median plateau phase was significantly longer 

in vessels with an FFR value ≤0.80 compared with vessels with FFR >0.80 (43.6 [IQR 36.1–

60.7] seconds versus 32.6 [IQR 18.3–42.1] seconds, P value 0.027; Figure B). Distal FFR 

values were significantly correlated with the duration of the hyperemic plateau phase 

(ρ=−0.33 [95% CI −0.56 to −0.07]; Figure C). 

Papaverine has been used as a hyperemic agent for the assessment of coronary flow reserve 

and FFR. Previous studies reported a mean time to onset of 17 to 23 seconds and the mean 

hyperemic duration of 22 to 51 seconds.124,125 In the present study, using standardized 

papaverine doses, we found time to 90% of the hyperemic onset of 12.4 (IQR 8.8–19.2) 

seconds and a hyperemic plateau duration of 43.6 (IQR 36.1–60.7) seconds. We found an 

interaction between functional severity and time of microvascular dilation. The precise 

mechanisms behind this phenomenon remain to be elucidated. Concerns have been raised 

about the safety of intracoronary papaverine administration in terms of ventricular 

arrhythmias. Papaverine transitorily prolongs the QTc interval. Ventricular arrhythmias are 

observed in ≈1.4% of the cases.126 In the present report there were no adverse events related 

to the use of papaverine. 

The present analysis expands our knowledge by ascertaining that vessels with 

hemodynamically significant lesions, based on a contemporary criterion (i.e., FFR ≤0.80), 

have similar time to hyperemic onset and longer stable-state hyperemic duration compared 

with vessels with nonsignificant lesions. These findings portray clinical implications given the 

increased use of the FFR pullbacks to evaluate the functional pattern of coronary artery 

disease using PPG and refine percutaneous coronary intervention indication and strategy. 

Recently, PPG was described as potentially influencing percutaneous coronary intervention 

outcomes. In clinical practice, vessels with an FFR ≤0.80 will be considered for PPG 

measurement. Based on the results of the present study, papaverine provides sufficient time 

to perform a pullback maneuver for at least 30 seconds under maximal hyperemic conditions. 

Therefore, the current study provides the foundations for the recommendation of a pullback 

technique using intracoronary papaverine administration. Intracoronary administration of 

papaverine provides rapid onset hyperemia with a duration of steady-state sufficient for 
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pullback maneuvers with minimal variability. The duration of steady-state hyperemia is 

longer in vessels with hemodynamically significant lesions. 
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Development, Validation, and Reproducibility of 
Pullback Pressure Gradient (PPG) derived from Manual 

Fractional Flow Reserve Pullbacks 
 

FFR pullbacks allow to assess the location and magnitude of pressure drops along the coronary 

artery. The Pullback Pressure Gradient (PPG) quantifies the FFR pullback curve and provides 

a numeric expression of how focal or diffuse is the coronary artery disease. The aim of this 

study is (1) to validate the PPG using manual FFR pullbacks with motorized FFR pullbacks as 

a reference; and (2) to determine the intra- and inter-operator reproducibility of the PPG derived 

from manual FFR pullbacks. 

Patients with stable coronary artery disease and an FFR ≤0.80 were included. All patients 

underwent FFR pullback evaluation either with a motorized device or manually dependent of 

the study cohort. The agreement on the PPG between repeated pullbacks was assessed using 

the Bland-Altman method.   

Overall, 116 FFR pullbacks maneuvers (96 manual and 20 motorized) were analyzed. There 

was an excellent agreement between the PPG derived from manual and motorized pullbacks 

(mean difference -0.01 ± 0.07, limits of agreement [LOA] -0.14 to 0.12). The intra- and inter-

operator reproducibility of PPG derived from manual pullbacks was excellent (mean difference 

0, LOA -0.11 to 0.12 and mean difference 0, LOA -0.12 to 0.11, respectively). The duration of 

the pullback maneuver did not impact the reproducibility of the PPG (r=0.12, 95% CI -0.29 to 

0.49, p=0.567).  

Manual pullbacks allow for an accurate PPG calculation. The inter- and intra-operator 

reproducibility of PPG derived from manual pullback was excellent.  
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Intra- and inter-rater reproducibility of PPG and its components. 

 
Variables Mean 

difference ± 
SD 

LLA to ULA 95% CI COV ICC (95% CI) 

Intra reproducibility      
PPG 0.00 ± 0.06 -0.11 to 0.12 -0.02 to 0.02 0.0024 0.94 (0.88 to 0.98) 

PPG20 0.01 ± 0.03 -0.05 to 0.06 -0.01 to 0.02 0.0015 0.99 (0.97 to 0.98) 
%Disease -0.76 ± 7.13 -14.74 to 13.22 -3.56 to 2.04 0.0002 0.83 (0.66 to 0.98) 
Inter reproducibility      
PPG 0.00 ± 0.05 -0.11 to 0.1 -0.03 to 0.02 0.0062 0.95 (0.89 to 0.98) 
PPG20 0.00 ± 0.02 -0.05 to 0.05 -0.01 to 0.01 0.0347 0.99 (0.97 to 0.98) 
%Disease -0.56 ± 5.99 -12.31 to 11.19 -2.91 to 1.79 0.3403 0.85 (0.69 to 0.98) 

 
SD Standard deviation. LLA Lower limit of agreement. ULA Upper limit of agreement. CI Confidence interval. 
COV Coefficient of variance. ICC Intra-class correlation. PPG Pullback Pressure Gradient. PPG20 Maximum 
pressure gradient over 20% of pullback duration. %Disease Percent of pullback time with FFR deterioration 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 101 

Hyperemic hemodynamic characteristics 
of serial coronary lesions assessed by Pullback 

Pressure Gradients 
 
To characterize the hemodynamic of serial coronary stenoses using Fractional Flow Reserve 

(FFR) and the Pullback Pressure Gradients (PPG) index. 

The cross-talk between stenoses within the same coronary artery makes the prediction of the 

functional contribution of each lesion challenging. 

One-hundred seventeen patients undergoing coronary angiography for stable angina were 

prospectively recruited. Serial lesions were defined as presenting two or more narrowings 

with visual diameter stenosis >50% on conventional angiography. Motorized FFR pullback 

tracings were obtained at 1 mm/s. Pullback were visually adjudicated with two, one and no 

focal pressure drops. In addition, the PPG index was calculated. Twenty-five vessels 

presented serial lesions (mean PPG index 0.48±0.17). Two, one or no focal pressure drops 

were observed in 40% (n = 10; PPG index 0.59 ± 0.17), 52% (n = 13; PPG index 0.44 ± 0.12) 

and 8% of cases (n = 2; PPG index 0.27 ± 0.01; p-value = 0.01). Distal FFR was similar 

between vessels with two, one and no focal pressure drops in the pullback curve (p-value = 

0.27).  At the multivariate logistic regression analysis, the PPG index independently predicted 

the presence of two focal pressure drops (p = 0.04). 

FFR-pullback tracings in serial coronary lesions exhibit three distinct functional patterns. PPG 

index was an independent predictor of the two-drop pattern. FFR pullback tracings with PPG 

provide a quantitative functional assessing of the pattern of CAD in cases with serial lesions, 

useful to assess the appropriateness of and to guide percutaneous revascularization strategy. 



 102 

 
 

 
 

The hemodynamical cross-talk occurring between serial coronary lesions can be captured by motorized 
pressure pullback tracings during pharmacological hyperemia. These enable physicians to visually inspect 

pressure pullback curves for focal drops and intuitively locate in this way regions of low conductance, 
amenable of percutaneous coronary intervention (PCI). Complementary is in this setting the role of the 
Pullback Pressure Gradient (PPG) index, which was found in the present study predictive for the focal 

serial lesion pattern. 
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Distributions of the fractional flow reserve (left panel) and pullback pressure gradient index (right panel) 
according to the adjudicated functional pattern, underlining the inability for the distal FFR to capture 

difference among the three functional patterns. On the other hand, higher PPG index values were 
significantly associated with the focal serial lesion pattern, while no significance was found when 

comparing the distribution between mixed and diffuse functional patterns. FFR = functional flow reserve; 
PPG = pullback pressure gradient.  

 

 

Distribution of two components of the pullback pressure gradient index equation, namely the maximal 
pressure gradients over 20 mm (left panel) and the length of functional disease (right panel), according to 

the three functional disease patterns. While the max PPG over 20 mm mean did not differ significantly 
between the groups, serial lesion presenting two pressure stenoses were significantly associated with 
shorter diseased vessel segments. KW = Kruskal-Wallis; ANOVA = (one way) analysis of variance. 
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Mismatch between the anatomical and functional 
extent of coronary artery disease   

 
Morphological evaluation of coronary lesion length is a paramount step during invasive 

assessment of coronary artery disease. Likewise, the extent of epicardial pressure losses can 

be measured using longitudinal vessel interrogation with fractional flow reserve (FFR) 

pullbacks. We aimed to quantify the mismatch in lesion length between morphological (based 

on quantitative coronary angiography, QCA, and optical coherence tomography, OCT) and 

functional evaluations. 

This is a prospective and multicenter study of patients evaluated by QCA, OCT and 

motorized fractional flow reserve pullbacks (mFFR). The difference in lesion length between 

the functional and anatomical evaluations was referred to as FAM. 

117 patients (131 vessels) were included. Median lesion length derived from angiography was 

16.05mm [11.40–22.05], from OCT was 28.00 mm [16.63–38.00] and from mFFR 67.12 mm 

[25.38–91.37]. There was no correlation between QCA and mFFR lesion length (r=0.124, 

95% CI -0.168-0.396, p=0.390). OCT lesion length did correlate with mFFR (r=0.469, 95% 

CI 0.156–0.696, p =0.004). FAM was strongly associated with the improvement in vessel 

conductance with percutaneous coronary intervention (PCI), higher mismatch was associated 

with lower post-PCI FFR. 

Lesion length assessment differs between morphological and functional evaluations. The 

morphological-functional mismatch in lesion length is frequent and influences the results of 

PCI in terms of post-PCI FFR. Integration of the extent of pressure losses provides clinically 

relevant information that may be useful for clinical decision-making concerning 

revascularization strategy. 
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Invasive Coronary Physiology After Stent Implantation: 
Another Step Toward Precision Medicine 
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Chapter 6: FFRCT: Non-invasive Fractional 
Flow Reserve derived from coronary CT 

angiography for treatment planning 
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Chapter introduction 
 

In the sixth chapter, we focus on treatment planning. In the SYNTAX III trial, it became clear 

that the agreement concerning treatment decision between coronary CTA and conventional 

angiography was high (Cohen’s kappa 0.82) and showed higher agreement than the 

anatomical SYNTAX score. The SYNTAX Score III (Anatomical SYNTAX score, clinical 

comorbidities and functional assessment) enabled the heart team to refine the decision-

making process regarding the optimal revascularization strategy and treatment planning of 

hemodynamically significant lesions. FFRCT downgraded the proportion of three vessel 

disease and changed treatment recommendation in 7%. The integration of coronary lumen 

assessment, atherosclerotic plaque evaluation including the calcium burden and the 

assessment of lesion-specific ischemia by FFRCT prompted the hypothesis that CCTA coupled 

with FFRCT might provide sufficient information to plan CABG. As such, we designed a pilot 

study to determine the theoretical feasibility of surgical treatment planning only based on 

CCTA with FFRCT. Based on our presented analysis, the FAST-TRACK CABG study is 

currently recruiting patients investigating if CABG based on sole CCTA and FFRCT is feasible 

and safe43. 

Comparably, FFRCT provides insight in vessel and lesion significance including the phenotype 

of CAD. Theoretically, by virtual remodeling the lumen PCI could be mimicked enhancing 

treatment planning. For this, the lumen is opened to an "idealized" lumen or a lumen without 

regions of narrowing. This idealized lumen is automatically generated by seeking a radius 

profile that is monotonically non-increasing from the ostium to the end of each vessel based 

on the pre-PCI anatomy. This gives only one possible configuration for an expanded lumen 

and is not dependent on the user (Sankaran S. et al., Physics driven real-time blood flow 

simulations, Computer Methods in Applied Mechanics and Engineering 364 (2020): 112963.) 

Also, the boundary conditions on the Planner are intended to be nearly identical to the pre-

PCI FFRCT simulation boundary conditions. On the Planner, a small difference due to the 

opened lumen is taken into account in the re-calculation of the boundary conditions providing 

a recalculated FFRCT value and coronary pressure profile post-virtual PCI.   

In the Precise PCI trial, a multicenter, investigator-initiated, prospective study, we evaluated 

the capability of the FFRCT Planner to predict the result of PCI in terms of post-PCI FFR. 

Patients with chronic coronary syndromes and significant lesions based on invasive FFR≤0.80 

were selected. The FFRCT Planner was applied to the FFRCT model, simulating PCI. This was 

compared with invasive FFR following an OCT-guided PCI. In total, 123 patients with 
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chronic coronary syndromes with invasive FFR≤0.80 were included. Invasive FFR post-PCI 

was 0.88±0.06, and FFRCT Planner FFR 0.86±0.06 (mean difference 0.02±0.07 FFR units, 

limits of agreement -0.12 to 0.15). The P3 study met its pre-specified primary endpoint and the 

FFRCT-based technology proved accurate and precise for predicting FFR after PCI. The 

FFRCT Planner may improve the strategy for percutaneous revascularization and as such may 

facilitate complete functional revascularization.  

The performance of the Planner in diffuse CAD and calcific atherosclerosis was assessed in a 

pre-specified sub-analysis. In the Precise PCI Plan trial, patients with predominant focal or 

diffuse disease were divided using a threshold of median PPG value 0.66. As expected, patients 

with low PPG (diffuse CAD) at baseline had lower post-PCI FFR compared to patients with 

high PPG (0.86±0.05 vs. 0.91±0.07, p<0.001). The FFRCT Planner also predicted significantly 

lower FFR in patients with low PPG (0.85±0.06 vs. 0.87±0.05, p-value=0.048). The functional 

gain was significantly greater in patients with high PPG (focal CAD) compared to patients with 

low PPG (p<0.001 for both FFRCT and invasive FFR). The FFRCT Planner's accuracy was 

similar in cases of diffuse or focal CAD (mean difference between FFRCT Planner and invasive 

post-PCI FFR in diffuse CAD 0.01±0.05 vs. 0.03±0.08 in focal CAD, p=0.057. Post-PCI FFRCT 

Planner FFR was similar between high and low calcium burden (0.86±0.06 vs. 0.87±0.06, 

p=0.537). The FFRCT Planner's accuracy was comparable in cases with high and low calcium 

burden (mean difference between FFRCT Planner and invasive post-PCI FFR in high calcium 

burden 0.01±0.07 vs. low calcium burden 0.01±0.07, p=0.192. 

In summary, there is increasing awareness of the potential of CCTA and FFRCT to help plan 

and guide coronary interventions. CCTA allows optimization of visualization angles in the 

catheterization laboratory, provides information on plaque morphology and through FFRCT 

provides lesion specific functional evaluation of CAD. This information allows for a pre-

procedural tailored planning of PCI in a fashion not previously possible. The FFRCT Planner 

expands the use of CCTA from a diagnostic method to a planning tool for revascularization. 

Hence, the FFRCT Planner may help clinicians better select patients to be referred to an invasive 

procedure, avoiding futile PCI and anticipating the benefit of an intervention. Another niche 

for this technology is inside the catheterization laboratory. The FFRCT Planner can be beneficial 

in tandem stenosis cases to quantify the added value of stenting each of the lesions, and in cases 

of diffuse disease to maximize the benefit of the intervention while minimizing procedural risks 

and total stent length40. The impact of a PCI strategy guided by the FFRCT Planner on clinical 

outcomes requires further investigation. 
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Feasibility of planning coronary artery bypass grafting 
based only on coronary computed tomography 

angiography and CT-derived fractional flow reserve: a 
pilot survey of the surgeons involved in the randomized 

SYNTAX III Revolution trial 
 
Invasive coronary angiography has been the preferred diagnostic method to guide the 

decision-making process between coronary artery bypass grafting (CABG) and percutaneous 

coronary intervention and plan a surgical revascularization procedure. Guidelines recommend 

a heart team approach and assessment of coronary artery disease (CAD) complexity, 

objectively quantified by the anatomical SYNTAX score41. Coronary computed tomography 

angiography (CCTA) and CT-derived fractional flow reserve (FFRCT) are emerging 

technologies in the diagnosis of stable CAD36. In this study, data from patients with left main 

or 3-vessel CAD who underwent CABG were evaluated to assess the feasibility of developing 

a surgical plan based on CCTA integrated with FFRCT. The primary objective was to assess 

the theoretical feasibility of surgical decision-making and treatment planning based only on 

non-invasive imaging. 

This study represents a survey of surgeons involved in the SYNTAX III Revolution trial82. In 

this trial, heart teams were randomized to make treatment decisions using CTA. CCTAs and 

FFRCT results of 20 patients were presented to 5 cardiac surgeons. 

Surgical treatment decision-making based on CCTA with FFRCT was considered feasible by a 

panel of surgeons in 84% of the cases with an excellent agreement on the number of 

anastomoses to be made in each patient (intraclass correlation coefficient 0.77, 95% 

confidence interval 0.35–0.96). 

Using non-invasive imaging only in patients with left main or 3-vessel CAD, an excellent 

agreement on treatment planning and the number of anastomoses was found among cardiac 

surgeons. Thus, CABG planning based on non-invasive imaging appears feasible. Further 

investigation is warranted to determine the safety and feasibility in clinical practice. 
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Rationale and Design of the Precise PCI Plan (P3) Study: 
Prospective evaluation of a virtual CT-based 

percutaneous intervention planner  
 

Fractional flow reserve (FFR) measured after percutaneous coronary intervention (PCI) has 

been identified as a surrogate marker for vessel related adverse events15,50. FFR can be 

derived from standard coronary computed tomography angiography (CTA)36. Moreover, the 

FFR derived from coronary CTA (FFRCT) Planner is a tool that simulates PCI providing 

modeled FFRCT values after stenosis opening39. 

The aim of the study is to validate the accuracy of the FFRCT Planner in predicting FFR after 

PCI with invasive FFR as a reference standard. 

Prospective, international and multicenter study of patients with chronic coronary syndromes 

undergoing PCI. Patients will undergo coronary CTA with FFRCT prior to PCI. Combined 

morphological and functional evaluations with motorized FFR hyperemic pullbacks, and 

optical coherence tomography (OCT) will be performed before and after PCI. The 

FFRCT Planner will be applied by an independent core laboratory blinded to invasive data, 

replicating the invasive procedure. The primary objective is to assess the agreement between 

the predicted FFRCT post-PCI derived from the Planner and invasive FFR. A total of 127 

patients will be included in the study. 

Patient enrollment started in February 2019. Until December 2020, 100 patients have been 

included. Mean age was 64.1 ± 9.03, 76% were males and 24% diabetics. The target vessels 

for PCI were LAD 83%, LCX 6%, and RCA 11%. The final results are expected in 2021. 

This study will determine the accuracy and precision of the FFRCT Planner to predict post-PCI 

FFR in patients with chronic coronary syndromes undergoing percutaneous revascularization. 
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Case example of the application of FFRCT Planner in cases with focal and diffuse functional coronary artery disease. (A) Focal functional 

coronary artery disease. Panel A shows the FFRCT model showing a focal, hemodynamic significant lesion in the Circumflex coronary 
artery. Panel B shows invasive angiography confirming an angiographic focal lesion. The position of the pressure wire sensor is denoted by a 

white star. Panel C shows the FFRCT and invasive FFR pullback curves. Panel D shows the remodeled geometry (white dashed lines) and 
presents the results of the blinded luminal remodeling using the FFRCT Planner. Panel E shows the location of distal invasive FFR 

assessment post-PCI (white star) matched with the FFRCT model. The FFRCT Planner predicted a FFRCT value of 0.93 at the same position 
(white star) where the invasive FFR post-PCI recorded 0.96. Panel F shows the corresponding post-PCI pullback curves derived from 

FFRCT and invasive FFR (blue and yellow lines, respectively). (B) Diffuse functional coronary artery disease. Panel G shows a patient 
specific FFRCT model with diffuse pressure loss along the LAD and distal FFRCT value of 0.67. Panel H shows invasive coronary 

angiography with distal invasive FFR value of 0.73 (white stars). Panel I shows the FFRCT and FFR pullback curves pre-PCI. Panel J shows 
the remodeled segment in the FFRCT model (white dashed lines) predicting a FFR of 0.67. Panel K shows the location of the invasive FFR 

measurement of 0.74 (white star). Panel L shows the post-PCI pullback curves derived from FFRCT and invasive FFR (blue and yellow 
lines, respectively). 
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Clinical Validation of a Virtual Planner for Coronary 
Interventions Based on Coronary CT Angiography and 

Blood Flow Simulations  

 
Low fractional flow reserve (FFR) values after percutaneous coronary intervention (PCI) carry 

a worse prognosis than high post-PCI FFR values15,50. Therefore, the ability to predict post-PCI 

FFR might play an important role in procedural planning. Post-PCI FFR values can now be 

computed from pre-PCI coronary CT angiography (CCTA) using the FFRCT Planner.  

This study aims at validating the accuracy of the FFRCT Planner. 

In this multicenter, investigator-initiated, prospective study, we recruited patients with chronic 

coronary syndromes and significant lesions based on invasive FFR≤0.80. The FFRCT Planner 

was applied to the FFRCT model, simulating PCI. The primary objective was the agreement 

between the predicted post-PCI FFR by the FFRCT Planner and measured post-PCI FFR. 

Accuracy of the FFRCT Planner's luminal dimensions was assessed using post-PCI optical 

coherence tomography (OCT) as the reference. 

Overall, 259 patients were screened, with 123 included in the final analysis. The mean patient 

age was 64±9 years and 24% were diabetic. Measured FFR post-PCI was 0.88±0.06, and FFRCT 

Planner FFR 0.86±0.06, mean difference 0.02±0.07 FFR units, limits of agreement -0.12 to 

0.15. OCT minimal stent area (MSA) was 5.60±2.01 mm2, and FFRCT Planner MSA 5.0±2.2 

mm2 (mean difference 0.66±1.21 mm2, limits of agreement -1.7 to 3.0). The accuracy and 

precision of the FFRCT Planner remained high in cases with focal and diffuse disease and with 

low and high calcium burden. Pre-PCI FFRCT was associated with the occurrence of major 

adverse events (OR 1.69, 95% CI 1.06 to 2.80, p=0.032).  

The FFRCT-based technology was accurate and precise for predicting FFR after PCI.  
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Agreement between FFRCT Planner and invasive post-PCI FFR (primary endpoint). Panel A shows the 
mean difference on post-PCI FFR between the FFRCT Planner and invasive post-PCI FFR. Panel B displays 

a moderate correlation (r=0.35, 95% CI 0.18 to 0.49) between the FFRCT Planner and invasive post-PCI 
FFR. Panel C shows the distribution of post-PCI FFR and FFRCT Planner values. 

 

 

 
 

Agreement between FFRCT Planner and invasive post PCI FFR pullback curves. The left panel shows in the 
x-axis the length of the vessels and the number of pullbacks reaching the given length. The y-axis 

represents the difference between invasive FFR and FFRCT post-PCI. The red dashed bar represents the 
mean difference in the whole pullback. The blue line shows the position-dependent mean difference 

between invasive FFR and FFRCT. The shaded gray area depicts the standard deviation of the difference. 
The right panel shows the distribution of post-PCI FFR invasive (red) and FFRCT (blue). 
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Accuracy of the FFRCT Planner stratified by focal or diffuse coronary artery disease and by calcium burden.  
The top panel shows Bland Altman plots with the mean difference between the FFRCT Planner and post-

PCI FFR stratified by focal or diffuse CAD using the pullback pressure gradient (PPG) index. The bottom 
panel shows Bland Altman plots with the mean difference between the FFRCT Planner and post-PCI FFR 
stratified by lesion calcium burden. (ratio between calcium volume and plaque volume in the lesion). The 

median values of the PPG and calcium burden were used to divide the groups. 

Low Calcium Burden High Calcium Burden

Diffuse CAD Focal CAD

Average

Average

Di
ffe

re
nc

e 
be

tw
ee

n 
in

va
siv

e 
FF

R 
an

d 
FF

R C
T

Di
ffe

re
nc

e 
be

tw
ee

n 
in

va
siv

e 
FF

R 
an

d 
FF

R C
T

Mean difference 0.01 (SD 0.05) Mean difference 0.03 (SD 0.08)

Mean difference 0.03 (SD 0.06) Mean difference 0.01 (SD 0.07)

A

B



 128 

 

Four case examples with (from top to bottom) FFRCT, baseline invasive angiography, pre-PCI fractional 
flow reserve (FFR) pullback curves (orange FFRCT pullback curve and green invasive motorized pullback 
curve), FFRCT Planner model, post-PCI angiogram and post-PCI invasive FFR and FFRCT pullback curves. 

Ranked, from left to right, diffuse to focal coronary artery disease. 



 129 

Expert Recommendations for Assessing 
Fractional Flow Reserve After Percutaneous Coronary 

Intervention 
 

Fractional flow reserve (FFR) measured immediately after percutaneous coronary intervention 

(PCI) has been proposed as a marker of prognosis. Accordingly, post-PCI FFR has recently 

been used both as a clinical target to optimize PCI and as an endpoint in clinical trials. In the 

present document we pooled individual patient-level post-PCI FFR data from 9 studies 

encompassing 2,760 patients to investigate the predictive power of post-PCI FFR for adverse 

cardiac events stratified by coronary artery and describe the mechanisms that account for inter-

vessel differences. Finally, we provide recommendations for clinicians and trialists on the use 

of post-PCI FFR measurements. 

 

Extracts from the paper:  

 

Post-PCI FFR stratified by coronary artery: 

The mean post-PCI FFR of 0.89±0.07 differed significantly among coronary vessels (post-

PCI FFR LAD 0.86±0.06, LCX 0.93±0.06 and RCA 0.91±0.06, p<0.0001. The were no 

differences in pre-PCI FFR between coronary arteries. The difference in post-PCI FFR 

between LAD and non-LAD was consistent between randomized and observational trials (-

0.057 [95% CI -0.104 to -0.011] FFR units in randomized vs. -0.070 [-0.095 to -0.045] FFR 

units in observational studies, p=0.473. The LAD vessel, pre-PCI FFR, diabetes mellitus, and 

stent number and length were independent predictors of low post-PCI FFR. 

 

Predictive power of post-PCI FFR adverse events: 

Overall, post-PCI FFR had a moderate predictive capacity for TVF with an AUC of 0.56 (95% 

CI 0.45 to 0.69). The risk of TVF increased by 44% per every reduction of 0.10 FFR units 

(Supplemental Figure S4). In a multivariable analysis adjusting for clinical and procedural 

variables, post-PCI FFR emerged as the only independent predictor of adverse events 

(Supplemental Table S7 and S8). When stratified by vessel, the predictive capacity of post-PCI 

FFR for TVF showed an AUC 0.54 (95% CI 0.48-0.59) for the LAD and AUC 0.61 (95% CI 

0.56 to 0.67) for non-LAD (p-value=0.052). The optimal binary FFR to predict TVF differed 
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between territories at 0.80 for the LAD and 0.91 for non-LAD vessels. The predictive capacity 

of post-PCI FFR was mainly driven by the occurrence of TVR and target-vessel MI. Patients 

with high post-PCI FFR (i.e., FFR >0.80 in the LAD and >0.90 in non-LAD) also had a lower 

incidence of cardiac death or MI.  

 

Mechanisms differentially affecting FFR by coronary artery. 

Hydrostatic effects: 

Because FFR systems rely on an aortic pressure recorded by a fluid-filled catheter, and on a 

coronary pressure recorded by a microtip sensor, a small hydrostatic gradient arises when the 

artery courses above or below the plane of the guide catheter. On average for a patient in the 

supine position, the mid segment of the LAD runs approximately 5 cm above the ostium of 

the left main stem. Conversely, the distal LCX and right posterolateral branches course 

approximately 3-4 cm below the ostium.   

These differences may explain circa 0.04 FFR units in a single vessel (assuming a mean aortic 

pressure of 100 mmHg and noting 5 cm H2O * 10 mm/cm / 13.6 H2O/Hg = 3.7 mmHg due to 

differences in specific gravity between water and mercury). This means that, theoretically, the 

highest possible FFR in the LAD would be 0.96 when measured with a standard pressure 

wire. In the RCA and the LCX this hydrostatic phenomenon goes in the opposite direction. 

 

Myocardial mass and vascular volume: 

Overall, total myocardial mass and total epicardial coronary volume display a proportional 

relationship that becomes distorted by atherosclerosis: in general, higher V/M ratios are 

associated with higher FFR values and vice versa. It has been reported that the vessel volume 

of the RCA is significantly bigger that of the LAD. The main reason for this may lie in the LAD 

progressive tapering, which in turn could be the consequence of the higher number of branching 

stemming from this vessel. As a consequence, the V/M ratio of the LAD is smaller than that of 

the non-LAD arteries. Stated another way, to perfuse a larger tissue mass, the LAD needs a 

higher flow to go through a smaller vascular volume. 

 

Post-PCI Pressure Pullback Patterns: 

In the Precise PCI Plan study, co-registration of motorized FFR pullbacks and optical coherence 

tomography revealed characteristic patterns of post-PCI FFR pullback curves in LADs and non-
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LAD. In the LAD, gradual pressure decline along the course of the vessel was systematically 

observed. In other words, in the LAD after optimal stent implantation, even in absence of 

residual atherosclerotic disease, the FFR pullback curve shows a downslope that is statistically 

different than non-LAD. In contrast, the pattern of the post-PCI FFR pullback curve in non-

LAD vessels often exhibits a flat slope profile leading to higher distal FFR values.  

 

Pressure pullback patterns leading to low post-PCI FFR: 

Low post-PCI FFR is a consequence of two predominant mechanisms identifiable in the 

pullback curve. First, pressure deterioration can occur gradually along the coronary vessel with 

homogeneously distributed pressure gradients (i.e., diffuse disease).  This is a predominant 

phenotype in post-PCI LAD pullbacks and may be due to either greater viscous loss from the 

larger distal mass (even in a normal vessel), could be the manifestation of diffuse CAD or the 

cumulative hydrostatic pressure effect. Second, focal pressure gradients in the pullback curve 

may arise from residual (or unmasked) stenosis or stent under-expansion. Focal trans-lesion 

pressure gradients arise from focal vessel narrowing. These two mechanisms can of course co-

exist to produce a combination of focal and diffuse pressure loss. Both post-PCI pullback curve 

patterns lead to lower post-PCI FFR values but carry different clinical implications. The 

presence of focal pressure gradients has been associated with a higher risk of adverse events, 

and high trans-lesion pressure gradients have been linked with plaque rupture and myocardial 

infarction. Furthermore, from a therapeutic perspective, focal pressure drops can be addressed 

by additional post-dilatation (for in-stent pressure drops) or by the implantation of an additional 

stent (for residual or unmasked lesions). In contrast, viscous loss along a normal vessel is 

physiologic and only medical therapy can address residual diffuse disease. 

Achieving functionally complete revascularization (a high post-PCI FFR) likely depends upon 

the baseline distribution of CAD in the vessel (i.e., focal or diffuse disease) and PCI technique. 

PCI in patients with focal CAD results in higher post-PCI FFR compared to patients with 

diffuse disease. Therefore, the distribution of pressure losses represented on the pre-PCI 

pullback curve is likely to be the major determinant of post-PCI FFR. 

Recommendations 

We believe that the current data on post-PCI FFR support the following recommendations: 

1. Post-PCI FFR should be interpreted in a vessel-specific manner. Due mainly to 

hydrostatic effects but also variable myocardial mass to vessel ratio, the LAD 
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coronary artery is associated with lower post-PCI FFR threshold than non-LAD 

arteries.  

2. Post-PCI FFR can be considered a metric of functional revascularization. While 

influenced by the procedural technique, post-PCI FFR is largely determined by the 

coronary artery LAD vs. non-LAD and baseline phenotype of CAD (focal vs. 

diffuse).  

3. Mirroring pre-PCI physiology, the mechanisms leading to low post-PCI FFR 

should be elucidated by pressure pullback and differentiation between focal jumps 

or diffuse residual pressure loss.  

4. Although a higher post-PCI FFR reduces the probability of adverse events, its 

predictive value remains modest. There is insufficient evidence to support the use 

of post-PCI FFR as a surrogate of outcomes in clinical trials. Further investigation 

is necessary to understand if additional PCI in response to post-PCI FFR translates 

into better clinical outcomes. 

 

 

 
Overview of included studies with post-PCI FFR and functional gain stratified by vessel. In the top panel, 
the type of study (randomized vs. observational), study name and number of patients and vessels included 

in the present analysis. In the lowest panels, A) shows the distribution of post-PCI FFR stratified by 
coronary artery, B) box plot of post-PCI FFR stratified by coronary artery and C) functional gain (post-PCI 

FFR minus pre-PCI FFR) stratified per coronary artery. 
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Case example of a motorized FFR pullback co-registered with optical coherence tomography in a LAD and 

non-LAD. The top panel shows a left anterior descending artery (LAD) post-PCI assessed by motorized 
FFR pullback (yellow line) and optical coherence tomography (OCT). The OCT showed optimal stent 

expansion and absence of residual disease outside the treated region (cross-sections proximal and distal to 
the stent). Despite adequate stent expansion and absence of disease, the post-PCI FFR was 0.90 the 

pullback curve shows a gradual deterioration of the pressure with a constant slope along the coronary 
vessel. Using coronary CT angiography, the estimated myocardial mass subtended by the LAD is 74.4 

grams and the total volume of the vessel is 1326 mm3, leading to a V/M of 17.8. The lower panel shows a 
right coronary artery (RCA) from the same subject.  OCT also showed adequate stent expansion and 

absence of residual disease outside the treated region (cross-sections proximal and distal to the stent). The 
post-PCI FFR was 1.0. The pullback demonstrated a flat slope along the coronary vessel. Using coronary 

CT angiography, the estimated myocardial mass subtended by the RCA is 49.6 grams and the total volume 
of the vessel is 2650 mm3, leading to a V/M of 53.4. 
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Chapter 7: CT-guided percutaneous coronary 
interventions 
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State of the art paper: Implementing coronary 
computed tomography angiography in the 

catheterization laboratory 
 

In this last chapter we describe the “summary” and clinical extrapolation of most research 

topics described in previous chapters. Coronary CT evolved from a tool to exclude CAD to a 

comprehensive method detecting atherosclerosis in its early phase, assessing for the presence 

of obstructive disease, and risk stratifying patients based on plaque characteristics30–33.  

Current guidelines emphasize the role of CCTA as a first-line test for patients with symptoms 

suggestive of obstructive CAD42. Subsequently, CCTA remains a diagnostic tool. Its 

usefulness beyond this diagnostic phase has not been yet fully explored. There is increasing 

awareness of the potential of CCTA to help plan and guide coronary interventions in the 

catheterization laboratory. For this purpose, our research group developed a novel hardware 

and software solution to integrate the comprehensive CAD assessment by CCTA in the 

diagnostic and therapeutic workflow of the invasive coronary angiography and percutaneous 

coronary interventions.  

The diagnostic part of the state-of-the-art paper focusses on diagnostic novelties and the CT-

based evaluation of revascularization procedures with respect to luminal assessment, plaque 

characterization and the evaluation of lesion significance.  

First, several improvements in luminal assessment were described when integrating CCTA in 

the invasive workflow. Using CT in the planning phase of a coronary intervention aids in 

providing the best angiographic projection in the catheterization lab, thereby minimizing 

foreshortening and overlapping of the segment of interest. Angiographic foreshortening 

observed in 2-dimensional (2D) projection images impairs accurate evaluation of lesion 

length, a frequent cause of incomplete plaque coverage and geographic miss. Also, CT-

derived lesion length evaluation incorporates the atherosclerotic extension that is not visible 

with conventional angiography and comparable to intra-vascular imaging. Moreover, even 

stent sizing can be performed based on non-invasive CCTA luminal assessment results. In the 

clinical setting, minimal lumen diameter is used to define lesion severity, whereas, for 

percutaneous revascularization planning, reference vessel diameter distal to the lesion is used 

to select stent diameter. CT-based quantitative coronary analysis has been shown to have a 

very high agreement concerning luminal dimensions compared to conventional angiography, 
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and measurements based on CCTA have shown to be smaller compared with those derived 

from IVUS127,128. 

Second, we describe the advantages of pre-angiography CCTA for plaque characterization 

integrating also the results of this PhD thesis chapter 3. Beyond the identification of high-risk 

plaque characteristics, CCTA is very sensitive for calcium detection and assessment as 

described in the paper comparing CCTA calcium burden with OCT as a reference. Also, 

plaque characteristics could prompt the invasive cardiologist to interrogate the hemodynamic 

consequences of the stenosis by FFR or NHPR or to select lesion preparation devices to 

facilitate stent expansion and deployment45,129. Meanwhile, CCTA has the potential to 

identify the normal coronary segments delineating the atherosclerotic plaque in a way 

comparable to IVUS or OCT130. This facilitates PCI from “normal to normal” coronary 

segments important to select the optimal landing zone for stent deployment.  

Third, the performance of FFRCT is similar to positron-emission tomography and cardiac 

magnetic resonance stress and perfusion imaging and is significantly superior to single-

photon emission computed tomography37. Moreover, the adoption of FFRCT has allowed to 

assess lesion-specific ischemia comparable to invasive fractional flow reserve or non-

hyperemic pressure ratios (NHPR)36,38,131. As such, FFRCT is instrumental for diagnosis and 

heart-team decision making as described in the first two chapters of this thesis.  

 

The novelty of this state-of-the-art paper is described in the central topic of CCTA-derived 3D 

reconstructions to guide catheterization laboratory procedures. The Precise PCI and 

Procedural Planning algorithm is shown in the Central Illustration. Based on 3 mainstays, 

namely diagnostic evaluation, catheterization laboratory preparation and online guidance, the 

algorithm proposes the incorporation of CT into all phases of the management of patients with 

obstructive CAD.  

During the diagnostic evaluation, the operator should focus on the determination of the 

pattern of CAD (i.e., focal or diffuse); and 2) the prediction of PCI results. Functional 

evaluation with FFRCT characterizes the pathophysiological pattern (e.g., focal or diffuse) of 

CAD noninvasively. This can be visualized either on the color-coded geometry or by a virtual 

FFRCT pull back curve132. The pattern of CAD is important to distinguish pressure losses that 

are circumscribed to anatomic stenoses (i.e., lesion-specific ischemia). This vessel phenotype 

is favorable for PCI in terms of post-intervention vessel physiology. In contrast, cases of 

diffuse functional CAD show no focal pressure drop. These vessels often exhibit diffuse 

atherosclerosis on CCTA, and despite the presence of one or several vessels narrowing, PCI 



 137 

results are suboptimal in terms of post-PCI FFR. Therefore, the evaluation of the anatomic 

and physiological pattern of CAD aids in predicting the likelihood of functional complete 

revascularization and potentially relief from angina. These concepts were developed in the 

papers in the chapter 5 “Redefining the patterns of coronary artery disease”. In terms of PCI 

result prediction, we refer to the main “Precise PCI plan” paper introducing the FFRCT 

Planner to predict functional revascularization results. The FFRCT planner simulates luminal 

changes produced by PCI and recalculates coronary pressures using the modified “stented” 

geometry. This may assist to predict the potential benefit of a given PCI strategy. With the 

FFRCT planner, the normal-to-normal can be demarcated based on coronary physiology next 

to the anatomical “normal to normal” concept derived from CCTA. 

Specifically, for catheterization laboratory preparation purposes, CCTA can aid in the pre-

intervention assessment and prediction of more complex interventions or procedures. CCTA 

visualizes the coronary ostia, coronary anomalies and coronary grafts potentially leading to 

less contrast and radiation use when this information is readily available pre-intervention. 

CCTA has a proven role in the evaluation of chronic coronary occlusions and in other 

challenging lesion subsets such as left main disease, ostial lesions, bifurcations, or severely 

calcified coronary vessels127,133–135. As such, CCTA can inform upfront on the best strategy 

and the need for dedicated devices. 

For the online procedural and PCI guidance, visualization of the coronary circulation derived 

from CCTA provides a 3D view of the coronary tree and the plaque components during 

conventional angiography procedures. Both lumen and atherosclerotic plaques are 

reconstructed using dedicated software. To facilitate online interpretation, plaque components 

are color-coded based on their HU. The movement of the C-arm is tracked in real time to 

synchronize the orientation of the 3D coronary tree with the projection of the fluoroscopic C-

arm. A manufacturer-independent approach was accomplished by attaching an external 

sensor, called an inertial measurement unit to the C-arm. The inertial measurement unit is 

connected to a Raspberry Pi, which continuously communicates the sensor’s—and 

therefore, also the C-arm’s—orientation with the 3D visualization software. During the 

procedure, the coronary anatomy derived from CCTA is continuously projected during 

changes in angiographic projections. At each projection, it is possible to assess the degree of 

overlapping and foreshortening without additional radiation or contrast. Tailored angulations 

optimize lesion evaluation and prevent unnecessary angiographic acquisitions. Furthermore, 

the 3D CCTA model can be used as a 3D roadmap to assist during vessel wiring, further 

reducing the need for additional contrast injection while the wire is advanced. Guidance of 
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PCI with CCTA follows the same principles as with intravascular imaging (e.g., IVUS or 

OCT)57. Pre-procedural assessment starts with the evaluation of plaque characteristics, 

composition, and extension. Lesion length is determined based on healthy landing zones 

proximal and distal to the lesion. The continuous display of CCTA and invasive angiography 

allows also the use of anatomic landmarks to visually co-register both modalities. 

 

The clinical implications of this novel approach are diverse. CCTA has the potential to 

improve patient selection for both invasive diagnostic procedures and therapeutic 

interventions. The presumed reduction in contrast usage and radiation burden implies a 

potential advantage in terms of patient safety. Also, the integration of non-invasive 

information comparable to per-procedural assessments by intra-vascular imaging could 

enhance PCI techniques with complete plaque coverage entailing improve clinical outcomes 

after PCI. Dedicated software has been developed that aims to simplify procedural workflow. 

This novel software solution simulates intravascular imaging tools that may facilitate 

adoption and image interpretation by interventionists. 
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Pre-procedural Planning of Coronary Revascularization 
by Cardiac-CT: An Expert Consensus Document of the 

SCCT 
 

Extract of the expert consensus document on “Pre-procedural surgical planning of Coronary 

Revascularization by Cardiac-CT” 

Although ICA is the preferred diagnostic method to guide the treatment decision between 

CABG and PCI, SYNTAX III Revolution trial has demonstrated the potential usefulness of 

CCTA in this clinical setting whereas the addition of a functional assessment by FFRCT 

further refines treatment decision and planning prior to revascularization82. 

The identification of hemodynamic significance of a lesion and visualization of landing zone 

for the distal surgical anastomosis emerged as the two most important factor supporting the 

feasibility of this approach. CCTA identifies non-diseased target segments for grafting; in 

addition, it provides insights in the vessel course including an intra-myocardial coronary path, 

presence of coronary anomalies and target vessel size. In case of chronic coronary occlusions 

(CTO), assessment of the vessel distal to the occlusion proves usually feasible providing also 

information not always readily available with ICA, where only in case of well-developed 

collateral flow the course and size of the distal coronary bed is as evaluable. Moreover, the 

amount of subtended myocardium and identification of potential myocardial scar by CTTA and 

optional CTP can help omit futile grafting or optimize CABG strategies when limited grafting 

material is available.  

CCTA 3D-volume rendering also facilitates the assessment of coronary anatomy. The course 

of and distance between the LAD and diagonal branches is relevant for planning of minimal 

invasive sequential MIDCAB LIMA-LAD or sequential bypass grafting. Furthermore, CCTA 

can also assess the anatomy, caliber and length of the left and right internal mammary artery 

grafts. The presence of disease in the ascending aorta may prompt alternative surgical 

techniques such as no-touch aorta technique with the potential to minimize cerebral 

embolization during surgery. Maximal Intensity Projection (MIP) are particularly useful for the 

evaluation of the aortic atherosclerosis patterns and calcification eventually changing 

cannulation or impacting the selection of a good location to sew the origin of the bypass graft.136 
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In patients referred to redo-CABG, CCTA informs about the distance between sternum and 

heart and warns about a potential pre-aortic graft path for sternotomy.  

The role of CCTA to assess graft patency is well recognized. Future research should confirm if 

FFRCT, providing not only a distal FFRCT value but also insights in the endotype of CAD e.g. 

focal or diffuse CAD, could predict long-term graft patency comparable to invasive FFR or 

angiography-derived functional assessment.137–139  

 
Bullet Points: 

- Volume rendering and MIP reconstructions derived from CCTA may help cardiac 

surgeons in the planning of CABG procedure. 

- The on-going multicenter FAST TRACK CABG study is aimed at assessing whether 

CCTA alone is able to support the cardiac surgeon in the procedural planning of CABG 

without information from invasive coronary angiography. 140,141   
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Conclusion and future perspectives 
 
Recently, the International Study of Comparative Health Effectiveness with Medical and 

Invasive Approaches – ISCHEMIA trial failed to show that routine invasive therapy was 

associated with a reduction in major adverse ischemic events compared with optimal medical 

therapy142. During the course of the trial, a quarter of initially conservatively managed patients 

crossed over to an invasive strategy. Moreover, notwithstanding fractional flow reserve is the 

gold standard for the assessment of lesion-specific ischemia, only one fifth of coronary lesions 

was interrogated by a pressure wire. As such, today the conundrum of an optimal treatment for 

ischemic heart disease remains intricate. In this thesis, we have aimed at improving current non-

invasive and invasive strategies for ischemia-driven coronary treatment.  

 

Beyond the confirmation of the presence of ischemia by pressure wire interrogation pre-PCI, 

assessing the longitudinal functional pattern of CAD is of utmost importance. Only focal CAD 

can be adequately addressed by PCI with the degree of improvement in coronary resistance 

reflected by the value of post-PCI FFR. Post-PCI FFR can be considered a metric of functional 

revascularization and represents a surrogate marker for vessel related adverse events. As shown 

in this thesis, post-PCI FFR, bearing a modest predictive value for adverse events, should be 

interpreted in a vessel-specific manner. Nevertheless, a higher post-PCI FFR reduces the 

probability of adverse events. As such, the mechanisms leading to low post-PCI FFR should be 

elucidated by pressure pullback pre-PCI to differentiate between focal jumps or diffuse residual 

pressure loss. The distribution of pressure losses represented on the pre-PCI pullback curve is 

likely to be the major determinant of post-PCI FFR. The here presented pullback pressure 

gradient (PPG) quantifies the FFR pullback curve and objectively and reproducibly provides a 

numeric expression of the endotype of coronary artery disease. Moreover, PPG has been shown 

to predict the degree of functional revascularization, bearing the potential to enhance patient 

selection for PCI and improve clinical outcomes. Indeed, higher PPG at baseline results in high 

post-PCI FFR. Patients with a high PPG are often free from angina after PCI, whereas PCI in 

patients with a low PPG results in lower post-PCI FFR and a higher rate of recurrent angina. It 

can be hypothesized that patients with a high PPG have a better clinical prognosis than patients 

with a low PPG. This hypothesis is being tested in the ongoing prospective evaluation of the 

impact of the PPG index on clinical decision-making and outcomes in the “PPG Global 

Registry” (NCT04789317). For this trial, the recently published adapted PPG formula for 
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manual pullbacks is being used. This manual pull back represents a drastic simplification of the 

method as compared to its initial description and validation and allows for an expanded use in 

routine daily catheterization laboratories FFR measurements.  

Derived from the initial FFR pullbacks for PPG development, we have introduced another 

novel metric that quantifies the functional-anatomical mismatch (FAM) based on FFR 

pullbacks and quantitative coronary angiography (QCA) or optical coherence tomography 

(OCT). The discrimination between functional disease circumscribed within the anatomical 

defined lesion (i.e., FAM> 0), and (2) functional disease extending beyond the anatomical 

defined lesion (FAM < 0) also has the potential to enhance patient selection for PCI and to 

subsequently improve patient outcomes. This will warrant a dedicated trial.  

 

Concurrently, the author of this thesis was involved in trials investigating the role of CCTA and 

additional FFRCT for the diagnosis of CAD and for heart team decision-making in multivessel 

disease. Recent developments in the field of CCTA scans have enabled to accurately assess 

CAD on a plaque level. For a long time, patients with presumed calcific CAD were excluded 

for evaluation of atherosclerosis by CCTA. As shown in chapter 3 of this thesis, even in severely 

calcified CAD, CCTA remains precise to assess both lumen and coronary plaque composition 

and volume. Patients with coronary stents remain just about the only reason to move away from 

a CCTA as a first-line choice for the diagnosis of CAD. In these cases, CT perfusion proved an 

alternative approach significantly improving the diagnostic rate and accuracy of coronary CTA.  

Nowadays, FFR can be computed from CCTA images (FFRCT) by performing blood flow 

simulations using computational fluid dynamics. Since the NXT trial in 2014, FFRCT built a 

vast body of evidence with invasive FFR as a reference. In this thesis, we investigated the 

potential role of CT-derived FFR to evaluate the pattern of epicardial coronary resistance. It 

appeared feasible to derive accurate FFRCT pullbacks for the evaluation of epicardial coronary 

resistance comparable to invasive FFR pullbacks. These FFRCT pullbacks unmask physiological 

focal and diffuse CAD patterns. In addition, by virtual remodeling the lumen of the patient 

specific FFRCT model, PCI could be mimicked enhancing treatment planning. In the presented 

Precise PCI Plan trial, the HeartFlow Planner has shown to accurately and precisely predict 

post-PCI FFR. The Planner appeared even to be most accurate in predicting the repercussions 

of PCI in diffuse CAD. Hence, the FFRCT Planner may help clinicians better select patients to 

be referred to an invasive procedure, avoiding futile PCI and anticipating the benefit of an 

intervention. Randomized trials elucidating the role of PPG and FFRCT Planner to improve 

outcomes are warranted. 
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Simultaneously, we developed a novel hardware and software solution to integrate the 

comprehensive CAD assessment by CCTA and FFRCT in the diagnostic and therapeutic 

workflow of the invasive coronary angiography and percutaneous coronary interventions. We 

developed a three-dimensional, patient specific coronary tree reconstruction visualizing both 

lumen and color-coded atherosclerotic plaques maps. This coronary reconstruction is then 

synchronized with the C-arm of the catheterization lab using an inertial measurement unit 

connected to a Raspberry Pi. This enables the physician to identify normal coronary segments 

and guides a PCI procedure comparable to intra-vascular imaging guided PCI. Integrating the 

information on plaque components, FFRCT and the HeartFlow Planner, a comprehensive PCI 

guidance is offered. The CT-guided PCI concept is going to be evaluated against a 

conventional IVUS-guided PCI in a non-inferiority outcomes trial: The Precise Procedural 

PCI Planning trial (P4 trial). This approach could tailor the revascularization plan combining 

the best of both worlds: ischemia- and imaging-guided revascularization derived from non-

invasive CCTA and FFRCT available from the diagnostic work-up preceding the invasive 

coronary angiography and PCI.  

 

In summary, this thesis provides insights into the patterns of epicardial atherosclerosis and 

introduces novel metrics and tools to identify which coronary lesion could benefit from 

percutaneous revascularization. This has broadened the current role of CCTA and FFRCT from 

sole diagnosis of significant CAD to a tool for heart team decision making, detailed plaque 

characterization and treatment planning, including the non-invasive prediction of the outcome 

of invasive coronary revascularization. Simultaneously, in the catheterization laboratory, FFR 

pullbacks extended with pullback pressure gradient (PPG) or functional-anatomical mismatch 

(FAM) have expanded a single-point FFR measurement to a comprehensive functional 

evaluation of the pattern of CAD to tailor percutaneous revascularization procedures. These 

developments in ischemia-driven revascularization and its hybrid applications with intra-

vascular imaging or CT-guided PCI have the potential to further improve clinical outcomes of 

patients suffering from coronary artery disease.   
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