
 1 

International PhD program in Cardiovascular Pathophysiology and Therapies 

 

 

 

 

 

 

 

 

 

 

 

 

Characterisation of Pathophysiological 

Patterns of Coronary Artery Disease 

PhD Thesis 

 

 

 

 

Daniel Batista Munhoz, MD, MSc 

 

 

 



 2 

  



               

 3 

Characterisation of 

Pathophysiological Patterns of 

Coronary Artery Disease 

Daniel Batista Munhoz, MD, MSc 

06/06/1985, Brasília (Brazil) 

 

Naples, 10/06/2024 

 

 

 

 

 

 

Promotor:   Prof. Emanuele Barbato 

Sapienza Università di Roma Italy 

Co-promotor:  Dr. Carlos Collet  

Cardiovascular Center Aalst, OLV Clinic, Aalst, Belgium  

 

 

University Federico II of Naples, Faculty of Medicine, 

Via Pansini no. 5, 80131 Naples, Italy 

  



               

 4 

  



               

 5 

TABLE OF CONTENTS 

PART A. GENERAL INTRODUCTION AND OUTLINE OF THE THESIS 9 

 

PART B. BUILDING A REPRODUCIBLE QUANTIFICATION THE FFR PULLBACK CURVE 17 

 

CHAPTER 1. DEVELOPMENT, VALIDATION, AND REPRODUCIBILITY OF THE PULLBACK PRESSURE 

GRADIENT (PPG) DERIVED FROM MANUAL FRACTIONAL FLOW RESERVE PULLBACKS 19 

 

CHAPTER 2. HYPEREMIC HEMODYNAMIC CHARACTERISTICS OF SERIAL CORONARY LESIONS 

ASSESSED BY PULLBACK PRESSURE GRADIENTS. 43 

 

PART C. POST-PCI FFR AS A PREDICTOR OF PCI SUCCESS 65 

 

CHAPTER 3. RELATIONSHIP BETWEEN CORONARY VOLUME, MYOCARDIAL MASS, AND POST-PCI 

FRACTIONAL FLOW RESERVE 67 

 

CHAPTER 4. TRIGGERING STENT OPTIMIZATION BY CORONARY PHYSIOLOGY 89 

 

CHAPTER 5. IMPACT OF POST-PCI FFR STRATIFIED BY CORONARY ARTERY 93 

 

CHAPTER 6. FRACTIONAL FLOW RESERVE-GUIDED STENT OPTIMISATION IN FOCAL AND 

DIFFUSE CORONARY ARTERY DISEASE. 117 

 

PART D. MECHANISMS OF BENEFIT OF PPG-GUIDED PCI 139 

 

CHAPTER 7. CORONARY ATHEROSCLEROSIS PHENOTYPES IN FOCAL AND DIFFUSE DISEASE. 141 

 

CHAPTER 8. INFLUENCE OF INTRACORONARY HEMODYNAMIC FORCES ON ATHEROSCLEROTIC 

PLAQUE PHENOTYPES 171 

 

CHAPTER 9. PROCEDURAL OUTCOMES AFTER PCI IN FOCAL AND DIFFUSE CAD 195 

 



               

 6 

CHAPTER 10. DIFFERENTIAL IMPROVEMENT IN ANGINA AND HEALTH-RELATED QUALITY OF 

LIFE AFTER PCI IN FOCAL AND DIFFUSE CORONARY ARTERY DISEASE 223 

 

PART E. VALIDATION OF PPG AS PREDICTOR OF PCI OUTCOMES 253 

 

CHAPTER 11. RATIONALE AND DESIGN OF THE PULLBACK PRESSURE GRADIENT (PPG) GLOBAL 

REGISTRY 255 

 

CHAPTER 12. DISCORDANCE IN CAD PATTERN BETWEEN RESTING AND HYPEREMIC 

CONDITIONS 277 

 

CHAPTER 13. INFLUENCE OF PATHOPHYSIOLOGICAL PATTERNS OF CORONARY ARTERY 

DISEASE ON IMMEDIATE PERCUTANEOUS CORONARY INTERVENTION OUTCOMES 285 

 

PART F. DISCUSSION AND CONCLUSION 313 

 

APPENDICES 319 

CURRICULUM VITAE ................................................................................................................. 320 

LIST OF PUBLICATIONS ............................................................................................................. 321 

ACKNOWLEDGMENTS .............................................................................................................. 324 

 

  



               

 7 

  



               

 8 

  



               

 9 

Part A.  

General introduction and outline of the thesis 
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 Fractional flow reserve (FFR) measures the reduction of flow caused by an obstructive 

coronary lesion by comparing distal coronary to aortic pressures during hyperemia. FFR ≤ 0.80 

identifies coronary stenoses associated with reversible ischemia.1 FFR guidance reduces the 

composite of cardiovascular death, myocardial infarction, and repeat revascularisation 

compared to angiography alone.2 Furthermore, in patients with hemodynamically significant 

stenoses, an FFR-guided PCI strategy reduced cardiovascular outcomes compared to optimal 

medical therapy alone.3 Based on the evidence mentioned above, the American and European 

guidelines recommend using FFR to evaluate patients with intermediate coronary stenoses 

between 50-90% to define the need for revascularisation.4,5 

 Several studies have shown that PCI restores epicardial conductance, improves 

myocardial perfusion, relieves angina and potentially reduces spontaneous myocardial 

infarction (MI).6-8 These benefits can only be observed if flow-limiting lesions are selected for 

PCI. Therefore, measuring FFR guides the selection of patients who benefit from PCI. 

Moreover, deferring patients from PCI based on FFR is safe; patients with flow-limiting lesions 

based on FFR have a very low rate of adverse events.9,10  

Despite the enhanced selection of patients for revascularisation provided by coronary 

physiology, approximately 25% remain symptomatic after a successful PCI.11 Studies 

measuring FFR after PCI have shown that in approximately one-third of patients, the 

intervention results are sub-optimal from the physiologic perspective.12,13 Low FFR after an 

angiographic successful PCI has been associated with a higher rate of cardiac death and 

myocardial infarction.12 Moreover, the FFR change between the pre and post-intervention has 

been associated with improved angina and quality of life. Therefore, post-PCI FFR has 

emerged as a surrogate of the effectiveness of revascularisation with prognostic implications. 

Recording a pressure pullback curve before PCI allows identifying the presence and location 
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of focal pressure gradients. Interestingly, performing a pullback has been done since the early 

days of angioplasty.14  

However, assessing the pullback curve, a mandatory step for FFR measurements, relied 

on visual assessment, leading to moderate reproducibility.15 Recently, the pullback pressure 

gradient (PPG) has been introduced to quantify the information in the pullback curve. This 

results in a classification of the pattern of CAD based on a continuous scale from 0 to 1.16 

Vessels with PPG close to 1 indicate focal disease whereas PPG close to 0 indicates diffuse 

disease. The standardisation of the assessment of the pathophysiological pattern of CAD has 

facilitated further understanding of CAD and its response to percutaneous treatment.17 In 

addition, the widely recognised discrepancy between anatomical and physiological 

assessments of CAD has been extrapolated to the evaluation of the pattern of the distribution 

pressure losses.18 19 

Extending FFR to the post-PCI stage adds information about the procedure’s success. 

Post-PCI FFR is inversely correlated with the probability of target vessel failure.12,20 

Furthermore, using post-PCI FFR as a trigger to improve the functional outcomes of an 

intervention using a physiology-guided incremental optimisation strategy (PIOS) is associated 

with a higher post-PCI FFR.21 Likewise, PCI optimisation based on intravascular imaging has 

also been associated with a greater post-PCI FFR when compared to angio-guided PCI.22 

Consequently, FFR after PCI has emerged as a marker of PCI success. 

In part B of this thesis, we expand the understanding of pathophysiological patterns of 

CAD by assessing the PPG’s accuracy and reproducibility when derived from different 

techniques (manual versus motorised). We further evaluate the association between PPG and 

PCI outcomes and study the influence of PPG on revascularisation decisions. Chapter 1 

describes the reproducibility and repeatability of PPG when derived from manual pullbacks, 

showing an excellent agreement with motorised pullbacks. This finding permitted the 
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integration of PPG into clinical practice. Chapter 2 addresses the performance of PPG in serial 

stenoses.  

Part C delves into the intricacies of PPG according to specific anatomical 

characteristics. Chapter 3 deepens the understanding of the mechanistic relationship between 

vessel volume, myocardial mass and post-PCI FFR. Chapter 4 describes anatomical correlates 

(vessel types) influencing the relationship between post-PCI FFR and PCI outcomes. This 

observation of lower post-PCI FFR in the Left Anterior Descending (LAD) artery is validated 

against clinical outcomes in an individual patient-level (IPD) meta-nalysis presented in Chapter 

5. Chapter 6 describes the impact of PPG on PCI optimisation based on coronary physiology. 

Part D of this thesis describes novel associations between PPG and atherosclerotic 

plaque characteristics. Chapter 7 describes the association between focal CAD (high PPG) 

plaque burden, lipid-rich plaque and thin-cap fibroatheroma (TCFA). Chapter 8 explores the 

interaction between hemodynamic forces and atherosclerotic plaque phenotypes, particularly 

concerning plaque rupture. We aimed to establish the association between intracoronary 

pressure gradients in focal and diffuse CAD and wall shear stress (WSS). Vessels with focal 

CAD had significantly higher WSS than those with diffuse CAD. Chapter 9 describes the 

impact of PPG on post-PCI FFR and minimal stent area, and Chapter 10 shows the impact of 

PPG on patient-reported outcomes, as measured by the 7-item Seattle angina 

questionnaire(SAQ-7).  

In Part E, we present a large-scale prospective validation of the PPG concept starting 

in Chapter 11 with the rationale and design of the PPG Global study. A single-arm, 

investigator-initiated, multicenter international study enrolled patients with at least one major 

epicardial lesion with a distal FFR ≤0.80 and intended to be treated with PCI. The primary 

endpoint was the predictive capacity of PPG for Post-PCI FFR. The key secondary outcomes 

included the impact of PPG on treatment decisions, the relationship between baseline PPG and 
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improvement of angina symptoms one year after PCI (assessed by SAQ-7) and rates of TVF at 

follow-up. Chapter 12 provides an example of a subject included on PPG Global, aimed at 

clarifying the role of PPG in cases of discordance between FFR and non-hyperemic pressure 

indices (NHPR) assessment. The results of the primary endpoint of PPG Global are presented 

in Chapter 13. PPG demonstrated excellent predictive capacity for optimal revascularisation 

and PPG influenced treatment decisions. Interestingly, periprocedural MI occurred more 

frequently in patients with diffuse disease (low PPG) compared to those with focal disease. 

The aims of this thesis are 1) To expand the use of coronary physiology to differentiate 

atherosclerosis phenotypes; 2) To validate the pullback pressure gradient (PPG) as a predictor 

of PCI outcomes; 3) To determine the usefulness of PPG for clinical decision-making in 

patients with planned PCI. 
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Part B.  

Building a reproducible quantification the FFR 

pullback curve 
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Abstract 

Background: FFR pullbacks 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 focal versus diffuse coronary artery disease. The aim of this 

study is (1) to validate the PPG using manual FFR pullbacks compared 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. 

Methods: 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, 

depending on the study cohort. The agreement of the PPG between repeated pullbacks was 

assessed using the Bland-Altman method.   

Results: Overall 116 FFR pullbacks manoeuvres (96 manual and 20 motorized) were analyzed. 

There was excellent agreement between the PPG derived from manual and motorized pullbacks 

(mean difference -0.01  0.07, 95% 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 <0.01, 95% LOA -0.11 to 0.12, and mean difference <0.01, 95% 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).  

Conclusion: 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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Introduction 

Intracoronary pressure measurements reflect the physiologic epicardial atherosclerotic burden. 

1A pullback maneuver assesses the distribution and magnitude of pressure loss. 2A novel metric 

derived from fractional flow reserve (FFR) pullback curves – the pullback pressure gradient 

(PPG) – quantifies the pattern of coronary artery disease (CAD) as either focal or diffuse. 3PPG 

values close to zero represent diffuse disease; values close to 1 indicate focal CAD. PPG was 

conceptualized from FFR curves obtained from motorized pullbacks requiring additional 

hardware in the catheterization laboratory and prolonged adenosine infusions, both leading to 

longer procedural times and greater patient discomfort that would limit adoption in clinical 

practice. 

An easier approach would be to derive PPG from manual pullbacks. However, manual 

withdraw of the pressure wire is operator dependent and reproducibility may be hampered. 4For 

the practical adoption of the PPG, a mandatory requirement is acceptable test/retest reliability. 

This general property assumes the utmost importance in the field of coronary physiology where 

cut-offs are usually applied to guide clinical decision making. 2 

While the usefulness of an intracoronary pullback maneuver is increasingly recognized, there 

is insufficient data supporting the test/retest reliability of manual FFR pullbacks. 5The 

objectives of the current study are: (1) to validate the PPG calculation derived from manual 

FFR pullbacks compared with motorized FFR pullbacks as a reference, and (2) to assess the 

intra- and inter-operator reproducibility of the PPG derived from manual FFR pullbacks. 

 

Methods 

This prospective, single-center study included patients with stable CAD and clinical indication 

for FFR interrogation. All patients underwent FFR pullback evaluations either with a motorized 

device or manually depending on the study cohort. Patients with ostial lesions, severe vessel 

tortuosity, bifurcation lesions with planned two stent strategy, difficult vessel wiring, STEMI 

presentation, or severe renal dysfunction with eGFR <30 ml/min/1.73m2 were excluded. All 

patients signed informed consent, and the local ethics committee approved the study. The study 

was funded by the Cardiac Research Institute Aalst. All pressure tracings were analyzed by a 

core laboratory (CoreAalst BV, Aalst, Belgium). 
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Calculation of the Pullback Pressure Gradient (PPG) 

To expand PPG to manual pullbacks, the original formula was adapted as follows. 3The original 

equation combines two equally-weighted parameters:  

𝐏𝐏𝐆 =

Maximal PPG over 20mm
Vessel FFR gradient

+ (1 −
Length with functional disease

Vessel length
) 

2
 

 

The maximal PPG over 20 mm depicts the magnitude FFR drops over a fixed length; and the 

length with functional disease describes the extent of FFR deterioration (defined as the length, 

in millimeters, with FFR drop 0.0015/mm). For manual pullbacks, the original parameters 

based on absolute distance values (i.e., millimeters) were made relative to the pullback 

duration. The rationale for this conversion relied on the observed mean pullback length of 

98.919.3 mm in previous cohorts. 3Therefore, the adapted equation resulted in: 

𝐏𝐏𝐆 

=

Maximal Pressure Gradient over 20% pullback duration
Vessel FFR gradient

+ (1 − proportion of pullback time with FFR deterioration) 

2
 

 

where the maximal pressure gradient over 20% of the pullback duration calculates the pressure 

drop over a fixed time window of 20% of the total pullback duration. Likewise, the percent of 

pullback time with FFR deterioration reports the extent of functional deterioration, relative to 

the total duration of the pullback maneuver, calculated using an equivalent FFR drop cut-off 

as in the original equation (now 0.0015/% total). The adapted formula has been incoporated in 

a commercial console and allows for online calculation of the PPG after a manual pullback 

manoeuvre (Coroventis, Coroventis Research, Uppsala, Sweden) (Figure 1).  

 

Study population 

We prospectively recruited two distinct cohorts. The flowchart of patient inclusion is shown in 

the Supplemental Material Figures S1 and S2. The first cohort of 19 patients (20 vessels) 

underwent both motorized and manual FFR pullbacks to assess the agreement of PPG values. 

The second cohort consisted of 22 patients (25 vessels) with repeated manual pullbacks 
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performed by two operators to assess the inter- and intra-observer reproducibility of PPG 

values (Figure 2). 

 

Invasive fractional flow reserve analysis 

Fractional flow reserve measurements were performed as per standard practice. 6The pressure 

wire was positioned at least 20 mm beyond the most distal coronary stenosis in vessels more 

than 2 mm diameter by visual estimation. The pressure wire position was recorded using a 

contrast injection annotating the starting point for each pullback manoeuvre to ensure the same 

initial position among pullbacks. All patients received intra-coronary nitrates administration 

before FFR measurement. Hyperemia was induced using either adenosine at a dose of 140 

μg/kg/min via a peripheral or central vein or intra-coronary papaverine bolus at a dose of 8 mg 

in the right coronary artery and 12 milligram in the left coronary artery. 7If significant drift 

(≥0.03) was observed, the FFR measurement was repeated. Pressure wire measurements were 

performed using CoroFlow version 3.5 (Coroventis Research AB, Uppsala, Sweden). All FFR 

tracings were assessed by a core laboratory (CoreAalst BV, Aalst, Belgium). 

 

Motorized pullbacks  

The detailed procedure has been published elsewhere. 3Briefly, a pullback device (Volcano R 

100, San Diego, California, United States) was adapted to grip the coronary pressure wire 

(PressureWire X, St Jude Medical, Minneapolis, United States) and set at a speed of 1 mm/s to 

pull back the pressure-wire to the tip of the guiding catheter during continuous hyperemia. 

 

Manual pullbacks 

For manual FFR pullback, the operator withdrew the pressure wire at a steady and constant 

speed for 20 to 30 seconds during stable hyperemia. When the pressure sensor reached the 

catheter tip, the recording was stopped. The technique for manual pullbacks is shown in the 

Online Video. For the inter-operator agreement, the second operator remained blinded to the 

first PPG result. 

 

Statistical analysis 
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Continuous variables are presented as mean and standard deviation or as median and 

interquartile range, depending on the distribution. Categorical variables are presented as 

percentages and counts. Pearson correlation coefficients, intra-class correlation coefficients 

(ICC), Bland-Altman method, and the coefficient of variation were used to assess the PPG's 

reproducibility. The study was powered to evaluate the reproducibility of the PPG derived from 

manual pullbacks. The sample size was calculated assuming a maximal coefficient of variation 

(COV) of 15% with an 11% two-sided confidence interval for the intra-observer reproducibility 

and a 20% maximal COV with 15% two-sided confidence interval for the inter-observer 

reproducibility. The sample size calculation required 20 patients with paired measurements for 

both the intra- and inter-operator reproducibility analyses. All analyses were perfomed using 

R (R Foundation for Statistical Computing, Vienna, Austria). COV from duplicate 

measurements was calculated with MedCalc Statistical Software version 19.3.1 (MedCalc 

Software, Ostend, Belgium). 

 

Results 

Between March 2020 and February 2021, 41 patients were included in two cohorts. Tables 1 

and 2 show baseline clinical and procedural characteristics stratified by cohort. A comparison 

of PPG values between the original and adapted formula using a sample of motorized pullbacks 

is shown in the Supplemental material Figure S3 and Table T1. 

PPG: manual vs motorized pullbacks 

Overall, 20 vessels with both manual and motorized FFR pullbacks were included in this 

analysis. The mean FFR was 0.75 ± 0.13 and 0.75±0.11 before manual and motorized 

pullbacks, respectively (mean difference <0.010.03, lower limit of agreement [LLA] -0.06 

and upper limit of agreement [ULA] 0.07). Mean pullback duration was 32.1 ± 7.6 and 103.3 

± 24.8 seconds for manual and motorized pullbacks (p<0.001), respectively. Mean PPG derived 

from manual pullback was 0.57 ± 0.15 whereas mean PPG from motorized pullbacks was 0.56 

± 0.14 (mean difference -0.010.07, 95% LLA -0.14 and ULA 0.12;). Figure 3 shows the 

agreement of the PPG components between manual and motorized pullbacks. A case example 

is presented in Supplemental Material Figure S4. 

Reproducibility of the PPG derived from manual pullbacks 
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Overall 26 vessels were included in this analysis. In 25 vessels two manual FFR pullbacks were 

performed by the first operator and in 25 vessels a third pullback was performed by a second 

operator. The mean FFR of the first, second, and third measurements were 0.680.11, 

0.690.12 and 0.680.12, respectively (p=0.920). Mean duration of the first, second, and third 

pullback maneuver was 35.47.3 sec, 35.68.9 sec and 36.58.8 sec, respectively (p=0.924). 

Mean PPG derived from the first, second, and third pullbacks was 0.570.17, 0.560.17 and 

0.580.16, respectively . There was an excellent intra-observer reproducibility of PPG with a 

mean difference <0.010.06 (95% LOA -0.11, ULA 0.12), COV of 10.7 % (95% CI 7.5 to 

14.63) and ICC of 0.94 (0.88 to 0.98). The reproducibility of PPG’s components derived from 

the intra-observer analysis are shown in Figure 4. Inter-operator reproducibility was also 

excellent with a mean difference between PPG of 0.010.05 (LLA -0.11, ULA 0.10), COV of 

7.6 % (95% CI 5.3 to 9.9) and ICC of 0.95 (95% CI 0.89 to 0.98; Figure 5). The duration of 

the pullback did not affect the reproducibility of the PPG (r = 0.02, 95% CI -0.26 to 0.30, p= 

0.869; Figure 6). A case example is presented in Supplemental Material Figure S5. 

All pullback procedures were performed without complications. From all patients, 73% (30/41) 

underwent PCI without in-hospital adverse events. Eight patients were treated medically and 3 

patients were referred to coronary artery bypass grafting. 

Discussion 

The findings of the present study can be summarized as follows: (1) PPG can be accurately 

derived from manual pullbacks; (2) both intra- and inter-operator reproducibility of the PPG 

derived from manual PPG were excellent, and (3) the duration of the pullback manuever did 

not affect the reproducibility of the PPG.  

Fractional flow reserve measured in the distal coronary artery captures the net effect of 

cumulative pressure losses related to stenoses and diffuse disease. 1,8An FFR pullback provides 

a second dimension to the distal measurement by depicting the distribution and magnitude of 

pressure losses longitudinaly along the coronary vessel. 9Motorized pullbacks are 

advantageous because they are operator independent and allow for co-registration of pressure 

data alongside anatomical images. 10In contrast, a manual pullback depends on the operator’s 

technique, and pullback speed may vary during the pullback and between operators. This can 

impact curve morphology, quantification of pressure gradients, and the interpretation of the 

CAD pattern.11  Nonetheless, manual pullbacks are practical to perform, reduce procedural 
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time, and can be done using intra-coronary hyperemic agents such as papaverine. 7The present 

study demonstrated that PPG can be derived from manual pullbacks with similar values 

compared to motorized pullbacks with a mean difference of -0.010.07 PPG units. Moreover, 

the agreement between a manual and motorized pullback for the maximal pressure gradient 

was excellent at -0.010.03 FFR units. The main reason for this agreement is that by using 

20% of the duration of the pullback curve as the window for data sampling, the PPG calculation 

overcomes issues related to different pullback speeds under the assumption of constant pressure 

wire withdrawal. Lastly, the evaluation of the length of disease, which is based on a threshold 

relative to total pullback time, was unnafected by the pullback method (mean difference of -

0.707.57%). Thus, manual pullbacks simplified the assessment of the PPG with excellent 

accuracy compared to the mechanized approach. 

Fractional flow reserve is a highly repeatable metric. 12Likewise, FFR pullbacks performed 

with a mechanized device have been shown to have excellent reproducibility. 10However, the 

morphology of a pullback curve is sensitive to the pullback technique. Fast pullback maneuvers 

would likely mask pressure gradients. Similarly, pullback maneuvers with varying speeds may 

misrepresent the location and magnitude of pressure gradients. In the present study, operators 

were instructed to performed manual pullback maneuvers aiming at completing the maneuver 

in 20 to 40 seconds while keeping a constant speed throughout. Following these simple 

recommendations, PPG derived from repeated manual pullbacks either by the same or a 

different operator resulted in similar values. Interestingly, the unavoidably different manual 

pullback times and speeds did not affect the reproducibility of the PPG. These findings provide 

a practical framework for the standarisation of manual pullback maneuvers.    

The current analysis showed a high test/retest reliability of the PPG with excellent intra- and 

inter-observer reproducibility, together supporting its clinical application. PPG has been 

incorporated into a commercially-available console (CoroFlow, Coroventis Resreach, Upssala, 

Sweeden). The online availability of PPG will facilitate the quantification of the pattern of 

CAD (i.e., focal or diffuse) in clinical practice. 13Practically, PPG would be indicated once the 

hemodynamic significance of CAD has been confirmed. PPG refines clinical decision 

regarding the appropriateness of PCI based on the pattern of CAD, even in cases of serial 

lesions. 14Furthermore, PPG anticipates the final FFR value that can be achieved with 

revascularization. The interpretation of the PPG value should be performed in conjunction with 

a visual inspection of the pullback curve. This is particualry important for the assessment of 
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lesion-specific pressure gradients. In patients with low PPG, alternative options to PCI should 

be considered. On the other hand, vessels with high PPG are optimal candidates for PCI. The 

ongoing PPG Global registry is evaluating the predictive capacity of PPG to predict  post-PCI 

FFR and the impact of the PPG on clinical decision-making and outcomes (NCT04789317). 

The results of this study will shed light on the management pathways of patients with focal and 

diffuse coronary artery disease.   

The main limitation of the present study is that it was restricted to a single center; therefore, 

the extrapolation of these results to operators with different levels of expertise in coronary 

physiology requires further investigation.  

Conclusion 

PPG can be derived from manual FFR pullbacks, resulting in similar values compared to 

motorized pullbacks. The inter- and intra-operator reproducibility of the PPG derived from a 

manual pullback was excellent. Further studies are require to determined the clinical benefit of 

a PPG-guided PCI strategy.
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Figure 1. Pullback Pressure Gradient (PPG) interface  

 

Coroventis screen showing a FFR pullback with Pd in green, Pa in red and a corresponding distal FFR value of 0.48 in yellow. The vertical yellow 

lines indicate the start and end of the pullback (yellow horizontal line). The PPG equals 0.86, indicating focal coronary artery disease.
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Figure 2. Study design and procedures.
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 Figure 3. Agreement on the Pullback Pressure Gradient (PPG) and its components between 

manual and motorized pullbacks. 
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Figure 4. Intra-operator agreement on the Pullback Pressure Gradient (PPG) (Panel A and B) 

and its components (percentage of disease in panels C and D and PPG 20 millimeter in panels 

E and F) between repeated manual pullbacks. 
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Figure 5. Inter-operator agreement on the Pullback Pressure Gradient (PPG) (Panel A and B) 

and its components (percentage of disease in panels C and D and PPG 20 millimeter in panels 

E and F) between repeated manual pullbacks.
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Figure 6: Relationship between the difference in duration of the manual pullbacks and 

reproducibility of the PPG
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Supplemental figure S1. Agreement on PPG values and its components derived from 

motorized pullbacks between the original and adapted formula. 
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Supplemental figure S2. Flowchart of cohort 1 (motorized and manual pullback). 
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Supplemental figure S3. Flowchart of cohort 2 (repeated manual pullbacks). 
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Supplemental Figure S4. Case example of a patient from cohort 1.

 

  



 39 

Supplemental Figure S5. Case example of a patient from cohort 2. 
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Abstract 

Objectives 

To characterize hemodynamics of serial coronary stenoses using fractional flow reserve (FFR) 

pullbacks and the pullback pressure gradients (PPG) index. 

Background 

The cross-talk between stenoses within the same coronary artery makes the prediction of the 

functional contribution of each lesion challenging. 

Methods and results 

One-hundred seventeen patients undergoing coronary angiography for stable angina were 

prospectively recruited. Serial lesions were defined as two or more narrowings with visual 

diameter stenosis >50% on conventional angiography. Motorized FFR pullback tracings were 

obtained at 1 mm/s. Pullbacks were visually adjudicated as presenting two, one, and no focal 

pressure drops. The pattern of disease (i.e., focal or diffuse) was quantified using the PPG 

index. Twenty-five vessels presented serial lesions (mean PPG 0.48 ± 0.17). Two, one or no 

focal pressure drops were observed in 40% (n = 10; PPG 0.59 ± 0.17), 52% (n = 13; PPG 

0.44 ± 0.12) and 8% of cases (n = 2; PPG 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). The PPG index independently predicted the presence of two focal pressure drops 

in the pullback curve (p = 0.04). 

Conclusions 

FFR pullbacks in serial coronary lesions exhibit three distinct functional patterns. High PPG 

was associated with pullback curves presenting two pressure drops. The PPG provides a 

quantitative assessment of the pattern of coronary artery disease in cases with serial lesions and 

might be useful to assess the appropriateness of percutaneous revascularization. 
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Introduction 

The presence of more than one stenosis within the same coronary artery is 

common.1 These serial stenoses often represent a physiological conundrum because of the 

interaction (cross talk) between the different stenoses. This prevents merely summing up the 

transstenotic pressure gradients taken in isolation.2 As a consequence, isolating the functional 

contribution of each lesion in a serial circuit either in resting or hyperemic conditions remains 

challenging.3 

Traditionally, serial lesions have been defined based on coronary angiography.4 Nonetheless, 

this approach neglects the known discordance between angiographic stenosis and its 

physiological effect, which is further affected by the distance between the stenoses and the 

microcirculatory function.5 Intracoronary pressure pullbacks are essential to understand the 

physiological effect of serial lesions.3, 6 The idealized model is represented by a pressure curve 

with two focal pressure drops in a pullback curve. Nonetheless, vessels with angiographic serial 

lesions might also present diffuse pressure losses without evident drops.6 

The pullback pressure gradient (PPG) index quantifies the functional pattern of coronary artery 

disease (CAD) as either focal or diffuse. Values close to one represent focal CAD whereas 

values close to zero characterize diffuse CAD.6 The PPG index lumps a metric of focality (i.e., 

maximal pressure gradient over 20 mm) with a metric of diffuseness (i.e., length of functional 

disease) and may aid in defining the pattern of disease in vessels with serial lesions. The present 

study aims at characterizing the functional pattern of CAD in vessels with serial lesions using 

mechanized FFR pullbacks and the PPG. 

Materials and Method 

Study design 

This was a prospective, multicenter registry (NCT03824600) enrolling patients undergoing 

clinically indicated coronary angiography. A complete study description was presented 

elsewhere.6 The study was approved by the investigational review board or ethics committee 

at each participating center, and all patients gave written informed consent. 

Briefly, FFR measurements during continuous intravenous adenosine infusion at a dose of 

140 mg/kg/min were obtained for coronary lesions with 30%–70% diameter stenosis.7 Vessels 

with distal FFR ≥0.95 were considered without functional disease and excluded from the study. 

Motorized FFR pullback curves were collected in all studied patients by withdrawing at the 

controlled speed of 1 mm/s the pressure wire sensor (PressureWire X, St. Jude Medical, 

Minneapolis, MN) up to the tip of the guiding catheter. Quantitative coronary angiography 

(QCA) and FFR pullback tracings were co-registered. 

https://onlinelibrary.wiley.com/doi/full/10.1002/ccd.29868?saml_referrer#ccd29868-bib-0001
https://onlinelibrary.wiley.com/doi/full/10.1002/ccd.29868?saml_referrer#ccd29868-bib-0002
https://onlinelibrary.wiley.com/doi/full/10.1002/ccd.29868?saml_referrer#ccd29868-bib-0003
https://onlinelibrary.wiley.com/doi/full/10.1002/ccd.29868?saml_referrer#ccd29868-bib-0004
https://onlinelibrary.wiley.com/doi/full/10.1002/ccd.29868?saml_referrer#ccd29868-bib-0005
https://onlinelibrary.wiley.com/doi/full/10.1002/ccd.29868?saml_referrer#ccd29868-bib-0003
https://onlinelibrary.wiley.com/doi/full/10.1002/ccd.29868?saml_referrer#ccd29868-bib-0006
https://onlinelibrary.wiley.com/doi/full/10.1002/ccd.29868?saml_referrer#ccd29868-bib-0006
https://onlinelibrary.wiley.com/doi/full/10.1002/ccd.29868?saml_referrer#ccd29868-bib-0006
https://onlinelibrary.wiley.com/doi/full/10.1002/ccd.29868?saml_referrer#ccd29868-bib-0006
https://onlinelibrary.wiley.com/doi/full/10.1002/ccd.29868?saml_referrer#ccd29868-bib-0007
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An independent core laboratory (CoreAalst BV, Aalst, Belgium) analyzed coronary 

angiogram using a validated software package (CAAS Workstation 8.1, Pie Medical Imaging, 

Maastricht, The Netherlands). Serial lesions were angiographically defined as the presence of 

two or more narrowings with visual diameter stenosis >50%, separated at least by three times 

the reference vessel diameter in the same coronary vessel.4 The distance between proximal and 

distal lesion was assessed in mm from the distal edge of the proximal lesion up to the proximal 

edge of the distal lesion. 

FFR pullback curves were visually adjudicated by two independent observers (C.C. and 

J.S.) as presenting no pressure drop (“no drop”), one pressure drop (“one drop”) and two 

pressure drops (“two drops”), see Figure 1. The presence of pressure drops was defined visually 

as step ups in the FFR curve of at least five FFR units in <20 mm. In addition, pressure drops 

were quantified as the maximal FFR gradient over 20 mm of length. The length of functional 

disease was defined as the length, in millimeters, with FFR drop ≥0.0015/mm. Trans-stenotic 

difference in FFR (delta lesion FFR) was determined. The PPG index was calculated as 

previously described.6 The study was approved by the investigational review board or ethics 

committee at each participating center. Signed informed consent was obtained by all enrolled 

patients. 

Serial lesions were independently adjudicated by visual inspection of patients coronary 

angiograms (upper panels) as presenting two or more narrowings (arrows) with visual diameter 

stenosis >50%, separated at least by three times the reference vessel diameter in the same 

coronary vessel. In turn, the visual analysis of the pullback pressure gradients (PPG) tracings 

was used to categorized the pressure drop patterns along the vessel presenting a serial lesion, 

thus resulting in three patterns (lower panels): absence of focal drops (left), presence of only 

one focal drop, either proximally or distally, (central panel), and presence of two focal pressure 

drops (right). FFR, fractional flow reserve; PPG, pullback pressure gradient 

Statistical analysis 

For the present study, vessels were considered independent observations. Continuous 

variables with normal distribution are presented as mean ± SD and non-normally distributed 

variables as median (interquartile range [IQR]). Categorical variables are presented as 

percentages. Chi-squared tests were used for comparing categorical variables, while 

Student's t (or Mann–Whitney tests as appropriate) for continuous ones. The one-way analysis 

of variance (or Kruskal–Wallis tests) was used for comparing more than two continuous 

variables. Interobserver agreement for the visual functional pattern adjudication was assessed 

with the Cohen's kappa method. Finally, anatomical and functional variables of interest were 

https://onlinelibrary.wiley.com/doi/full/10.1002/ccd.29868?saml_referrer#ccd29868-bib-0004
https://onlinelibrary.wiley.com/doi/full/10.1002/ccd.29868?saml_referrer#ccd29868-fig-0001
https://onlinelibrary.wiley.com/doi/full/10.1002/ccd.29868?saml_referrer#ccd29868-bib-0006
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entered into a multivariate model. A p-value <0.05 was considered significant. All statistical 

analyses were performed using R statistical software (R Foundation for Statistical Computing, 

Vienna, Austria). 

Results 

Between November 2017 and January 2019, 85 vessels from 72 patients presented at least one 

functionally significant lesion. Among these, 25 vessels from 23 patients presented serial 

lesions and were included in the present study (Figure 2). Motorized FFR pullbacks and PPG 

index were obtained in all cases. In all but one case, two stenoses were angiographically 

identifiable, and in one case, three. We included 51 stenoses in the final analysis. 

Baseline characteristics 

Clinical, angiographic and functional characteristics at baseline are listed in Table 1. 

Mean age was 68.7 ± 8.2 years, males in 90.9%, and multivessel disease was present in 73.9%. 

Mean diameter stenosis was 46.4 ± 15.6%, minimal lumen area 1.36 ± 0.45 mm2 and mean 

lesion length was 22.8 ± 10.5 mm. Mean distal FFR was 0.77 ± 0.07 and 72% of the vessels 

had an FFR ≤0.80. Functional disease was observed in 53.5 ± 20.6% of the vessel length and 

the mean maximal pressure gradient over 20 mm was 0.10 (IQR 0.07–0.14) FFR units. 

The distance between proximal and distal lesion was 55.5 ± 26.0 mm. The angiographic 

severity of the proximal and distal lesions was comparable (diameter stenosis 44.8 ± 15.5% 

proximal vs. 48.0 ± 16.2% distal, p = 0.49), Table 2. Lesion length was longer for the distal 

lesions (20.0 ± 8.8 mm proximal vs. 26.2 ± 10.9 mm distal, p = 0.03). Translesional FFR 

gradient was comparable between proximal and distal lesions (0.08 ± 0.06 proximal vs. 

0.08 ± 0.04 distal, p = 0.88). 

In comparison with vessels presenting a single lesion, vessels with serial lesion by 

angiography had a lower distal FFR (0.83 ± 0.07 vs. 0.77 ± 0.08, p = 0.001), longer functional 

disease (33.3 ± 19.1 mm vs. 53.5 ± 19.9 mm, p < 0.001), and lower PPG index (0.61 ± 0.17 vs. 

0.48 ± 0.17, p = 0.002), Table 3. 

Functional patterns of CAD 

Visual assessment of the FFR pullback curves resulted in two vessels (8%) presenting 

no pressure drop, 13 (52%) vessels presenting one drop and 10 (40%) vessels two pressure 

drops, Figure 3. These three functional disease phenotypes had similar baseline clinical 

characteristics, Table S1. Mean distal FFR values were similar between vessels with no visible 

pressure curve drops, one or two drops (0.77 ± 0.02 vs. 0.74 ± 0.10 vs. 0.80 ± 0.06, p = 0.27, 

respectively), Table 4. PPG was significantly higher in vessels with two pressure drops versus 

one pressure drop and no pressure drop (p = 0.01, Figure 4). Multivariate analysis showed that 

https://onlinelibrary.wiley.com/doi/full/10.1002/ccd.29868?saml_referrer#ccd29868-fig-0002
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the PPG index was the only independent predictor (p = 0.04) of an FFR pullback curve 

presenting two pressure drops (Table 5). An increment of 0.1 PPG unit was associated with 

doubled the odds for the two-drop functional phenotype (OR = 2.3 95% CI 1.2–5.6, p = 0.02). 

3.3 Procedural characteristics 

All coronary arteries with serial lesions and distal FFR ≤0.80 were revascularized (Table S2). 

PCI was performed in 52.0% and coronary artery bypass graft in 24.0%. In patients undergoing 

PCI, two stents were placed in 61.5% of PCI cases. 

Discussion 

The present study describes the physiological patterns observed in vessels with serial 

coronary stenoses utilizing motorized pullback pressure tracings during pharmacological 

induced hyperemia. The main findings can be summarized as follows: (i) significant functional 

disease is frequent in cases of angiographic serial coronary lesions; (ii) at the lesion level, 

diameter stenosis and trans-stenotic FFR gradients were comparable between proximal and 

distal lesions; (iii) three distinct functional phenotypes were observed, that is, diffuse functional 

disease without FFR step-ups, FFR pullback curves with one step-up and FFR pullback curves 

with two step-ups; (iv) the functional pattern with two pressure drops was identified by the 

PPG index, the higher the PPG index the higher the likelihood of FFR pullback curves with 

two step-ups. 

In this way, the present study expands on the application of the recently introduced PPG 

index6 providing a further validation of the index in patients with serial coronary lesions. 

Serial lesions: A complex CAD phenotype 

Patients presenting serial coronary lesions represent a population with advanced 

CAD1 in which treatment strategies can be challenging. Firstly, while the decision to treat the 

vessel can be based on the distal FFR measurement,8, 9 the decision of which lesion to treat is 

less evident. Secondly, when decided to treat one of the two lesions either based on 

anatomically severity or the lesion with the greatest pressure drop at the pullback curve, the 

resulting post-PCI FFR can be difficult to be estimated. In fact, increased flow conditions 

interact with the residual disease, potentially leading to higher pressure gradients,10 as 

demonstrated with both hyperemic and resting pressure-based indices.3 

In the present analysis, proximal and distal lesions appeared comparable in terms of 

angiographic severity, and the magnitudes of apparent pressure drops. Similarly, at the vessel 

level, the distal FFR was not able to differentiate functional patterns. In contrast, FFR pullback 

tracings discriminate three functional CAD patterns based on the presence of one, two or 

absence of focal pressure drops.10 

https://onlinelibrary.wiley.com/doi/full/10.1002/ccd.29868?saml_referrer#ccd29868-tbl-0005
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Application of pressure pullbacks and PPG index in serial lesions 

Clinically, identification of a step-up in a pullback pressure curve is an essential 

element in the decision-making process concerning the appropriateness of PCI. Despite 

whatsoever angiographic appearance, PCI in segments without pressure losses or step-ups 

results in negligible increase in epicardial conductance. In contrast, the presence of a step-up 

may translate in clinical benefit of PCI in terms of gain in conductance.11 In serial lesions, an 

FFR pullback-guided revascularization strategy was found safe and effective, while 

minimizing unnecessary coronary interventions.8 

The results of the present study highlight the usefulness of the FFR pullbacks in cases 

of serial lesions (i) to define the pattern of functional CAD, (ii) to assess the appropriateness 

of percutaneous revascularization, and (iii) to guide the PCI strategy. The PPG index was 

higher in vessels exhibiting a functional pattern of disease with two pressure drops and emerged 

as the only independent predictor of FFR pullbacks curves with two pressure drops. This could 

be analytically explained by the length of functional disease, component of the PPG formula, 

that was significantly lower in the serial lesion phenotype with two pressure drops, Figure 5. 

The PPG index was able to inform about functional pattern with two focal pressure drops. 

Therefore, it can be hypothesized that in vessels with serial lesions and high PPG value, PCI 

may translate in higher post-PCI FFR. This hypothesis warrants further investigation. 

Study limitations 

Small sample size and lack of a clinical outcome analysis represent the major 

limitations to the current study. Moreover, in the cases undergoing PCI, FFR after PCI was not 

collected. In addition, clinical applicability of motorized FFR pullback with long hyperemic 

times is questionable. Further limitations of the present study – including feasibility of the PPG 

derivation by motorized hyperemic pullback – were discussed previously.6 

Conclusion 

Serial coronary lesions represent a population of interest with advanced CAD. Physicians are 

challenged to whether or not, and which lesion to treat with PCI. Increasing evidence supports 

the usefulness of pullback pressure tracings to better understand the functional pattern of CAD. 

The present study further informs about the clinical value of FFR pullback maneuvers 

in the clinical routine, offering a pathophysiological classification of serial coronary lesions 

based on pullback tracings (no drop, one drop, two drops). Each of these patterns may justify 

a diverse therapeutic management. 

In addition, the PPG index, a novel physiology metrics able to characterize CAD 

patterns, identified serial coronary lesions with two focal drops. This serial-lesion functional 

https://onlinelibrary.wiley.com/doi/full/10.1002/ccd.29868?saml_referrer#ccd29868-bib-0011
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phenotype might be the best suited for PCI. Future studies should address the impact on a PPG 

guided PCI strategy on outcomes in serial coronary lesions. 
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TABLE 1. Baseline clinical, angiographic, and physiological characteristics (patient N = 23) 

Clinical characteristics 

Male, n(%) 20 (90.9) 

Age, years 68.74 ± 8.18 

BMI, kg/m2 28.26 ± 4.38 

CCS ≥2, n(%) 15 (65.22) 

MVD, n(%) 17 (73.91) 

LVEF, % 57.61 ± 6.19 

CrCl, ml/min 77.32 ± 22.71 

Hypertension, n(%) 17 (73.91) 

Diabetes mellitus, n(%) 9 (39.13) 

-  Under insulin, n(%) 1 (4.35) 

Hyperlipidaemia, n(%) 22 (95.65) 

Family history for CAD, n(%) 3 (13.04) 

Active smoking status, n(%) 0 (0.0) 

Previous PAD, n(%) 1 (4.35) 

Previous CVI, n(%) 2 (8.70) 
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Previous PCI, n(%) 7 (30.43) 

Previous MI, n(%) 3 (13.05) 

Angiographic characteristics 

Vessels presenting serial lesions 25 

LAD, n(%) 18 (72.0) 

LCX/Ramus, n(%) 4 (16.0) 

RCA, n(%) 3 (12.0) 

Quantitative coronary angiography 

Lesions 51a 

Diameter stenosis, % 46.43 ± 15.62 

Minimal lumen area, mm2 1.36 ± 0.45 

Reference vessel diameter, mm 2.58 ± 0.65 

Lesion length, mm 22.83 ± 10.46 

Distance from ostium to proximal stenosis, mm 33.22 ± 23.51 

Distance between proximal and distal stenoses, mm 55.51 ± 25.96 

QCA tracing contour correction 10.18 ± 7.92 

Functional characteristics 

https://onlinelibrary.wiley.com/doi/full/10.1002/ccd.29868?saml_referrer#ccd29868-note-0002_17
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Vessels presenting serial lesions 25 

Distal FFR 0.77 ± 0.07 

Distal FFR ≤0.80 18 (72.0) 

Delta lesion FFR 0.16 ± 0.08 

Proximal FFR (drift) 0.99 ± 0.01 

Pullback length, mm 98.6 ± 20.81 

PPG index 0.48 ± 0.17 

Maximal PPG over 20 mm 0.099 (0.072–0.141) 

Vessel length with functional disease, mm 53.52 ± 20.57 

Percent vessel length with functional disease, % 54 ± 18 

a One vessel presented three serial lesions. The third lesion in this vessel was not included in 

the analysis. 

Note: Values are n (%), mean ± SD, n, or median (interquartile range). 

Abbreviations: BMI, body mass index; CAD, coronary artery disease; CCS, Canadian 

Cardiovascular Society classification of angina; CrCl, creatinine clearance; CVI, 

cerebrovascular injury; FFR, fractional flow reserve; MVD, multivessel disease; LAD, left 

anterior descending artery; LCX, left circumflex artery; LVEF, left ventricle ejection fraction; 

MI, myocardial infarction; PAD, peripheral artery disease; PCI, percutaneous coronary 

intervention; PPG, pullback pressure gradients; QCA, quantitative coronary angiography; 

RCA, right coronary artery.  



 54 

TABLE 2. Anatomical and functional characteristics at lesion level (lesion N = 50a) 
 

Proximal lesion Distal lesion p-value (two-

tailed) 

Lesions 25 25 - 

Diameter stenosis, % 44.84 ± 15.47 47.96 ± 16.24 0.490 

-  Minimal lumen area, mm2 1.36 ± 0.45 1.12 ± 0.33 < 0.001 

-  Reference vessel diameter, mm 2.98 ± 0.62 2.21 ± 0.38 < 0.001 

Lesion length, mm 20.05 ± 8.82 26.24 ± 10.94 0.032 

Distance from ostium to proximal edge of the 

lesion, mm 

17.90 ± 14.26 47.03 ± 21.14 < 0.001 

Delta lesion FFR 0.08 ± 0.06 0.08 ± 0.04 0.885 

QCA tracing contour correction 9.72 ± 8.58 10.72 ± 7.51 0.063 

a One vessel presented three serial lesions. In this case, the lesion more distally located was 

excluded from the analysis. 

  

https://onlinelibrary.wiley.com/doi/full/10.1002/ccd.29868?saml_referrer#ccd29868-note-0005_19
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TABLE 3. Comparison of angiographical and functional characteristics for vessels presenting 

a visually defined single lesion versus serial lesions 
 

Single lesion 

(vessel N = 60) 

Serial lesion 

(vessel N = 25) 

p-value (two-

tailed) 

Diameter stenosis, % 45.5 ± 13.07 46.5 ± 10.9 0.73 

Vessel length with functional 

disease, mm 

33.3 ± 19.1 53.5 ± 19.9 < 0.001 

Distal FFR 0.83 ± 0.07 0.77 ± 0.08 0.001 

FFR≤0.80 19.0 (31.7%) 18.0 (72.0%) < 0.001 

Pullback length, mm 99.0 ± 19.1 98.6 ± 20.0 0.93 

Maximal PPG over 20 mm 0.10 (0.05–0.12) 0.12 (0.07–0.13) 0.22 

PPG Index 0.61 ± 0.17 0.48 ± 0.17 0.002 
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TABLE 4. Angiographic and functional characteristics of interest stratified by functional class 

(vessel N = 25) 

Functional pressure pullback pattern 

 
No drop (N = 2) One drop (N = 13) Two drops (N = 10) p-value (two-

tailed) 

Diameter stenosis, % 37.2 ± 6.72 44.3 ± 11.4 51.2 ± 9.3 0.15 

Distal FFR 0.77 ± 0.02 0.74 ± 0.1 0.80 ± 0.06 0.27 

PPG Index 0.27 ± 0.01 0.44 ± 0.12 0.59 ± 0.17 0.01 

Max. pressure drop 

over 20 mm 

0.07 (IQR 0.06–

0.07) 

0.12 (IQR 0.07–

0.13) 

0.12 (IQR 0.07–

0.15) 

0.37 

Length of functional 

disease, mm 

77.5 ± 4.95 60.8 ± 18.3 39.3 ± 13.2 0.003 
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TABLE 5. Uni- and multivariate analyses for the detection of pullback curves with two 

pressure drops 

Variable p-value 

Univariate model 

Diameter stenosis (%) 0.08 

Lesion length (mm) 0.79 

PPG index 0.02 

Multivariate model 

Diameter stenosis (%) 0.22 

Lesion length (mm) 0.47 

PPG index 0.04 

• Abbreviation: AIC, akaike information criterion. 
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Figure 1 

Serial lesions were independently adjudicated by visual inspection of patients coronary 

angiograms (upper panels) as presenting two or more narrowings (arrows) with visual 

diameter stenosis >50%, separated at least by three times the reference vessel diameter in the 

same coronary vessel. In turn, the visual analysis of the pullback pressure gradients (PPG) 

tracings was used to categorized the pressure drop patterns along the vessel presenting a 

serial lesion, thus resulting in three patterns (lower panels): absence of focal drops (left), 

presence of only one focal drop, either proximally or distally, (central panel), and presence of 

two focal pressure drops (right). FFR, fractional flow reserve; PPG, pullback pressure 

gradient 
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Figure 2 

Flowchart of the patients included in the study. Twenty-five vessels of 23 patients were 

adjudicated to present a serial lesion consisting of at least two stenosis (three in one case). In 

all cases, valid pullback pressure gradient tracings for the digital postprocessing and analysis 

were successfully performed. FFR, fractional flow reserve 
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Figure 3 

Flowchart of the patients included in the study. Twenty-five vessels of 23 patients were 

adjudicated to present a serial lesion consisting of at least two stenosis (three in one case). In 

all cases, valid pullback pressure gradient tracings for the digital postprocessing and analysis 

were successfully performed. FFR, fractional flow reserve 
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Figure 4 

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 two focal serial lesion pattern. 

FFR, functional flow reserve; PPG, pullback pressure gradient 
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Figure 5 

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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Post-PCI FFR as a predictor of PCI success 
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Abstract 

Background: FFR measured after PCI carries prognostic information. Yet, myocardial mass 

subtended by a stenosis influences FFR. We hypothesized that a smaller coronary lumen 

volume and a large myocardial mass might be associated with lower post-PCI FFR.  

Aim: We sought to assess the relationship between myocardial mass and post percutaneous 

coronary intervention (PCI) fractional flow reserve (FFR). 

Methods: This was a sub-analysis with an international prospective study of patients with 

significant lesions (FFR≤0.80) undergoing PCI. Territory-specific myocardial mass was 

calculated from coronary computed tomography angiography (CCTA) using a novel algorithm. 

Vessel volume was extracted from quantitative CCTA analysis. Resting full-cycle ratio (RFR) 

and FFR were measured before and after PCI. Coronary lumen volume (V) and its related 

myocardial mass (M), and the percent of total myocardial mass (%M) were correlated with 

post-PCI FFR.   

Results: We studied 120 patients (123 vessels: 94 LAD, 13 LCX, 16 RCA). Mean vessel-

specific mass was 61±23.1 g (%M 39.6±11.7%). The mean post-PCI FFR was 0.88±0.06 FFR 

units. Post-PCI FFR values were lower in vessels subtending higher mass (0.87±0.05 vs 

0.89±0.07, p=0.047), and in vessels with lower V/M ratio (0.87±0.06 vs 0.89±0.07, p=0.02). 

V/M ratio correlated significantly with post-PCI RFR and FFR (RFR r=0.37, 95% CI 0.21-

0.52 p<0.001 and FFR r=0.41, 95% CI 0.26-0.55, p<0.001).  

Conclusion: Post-PCI RFR and FFR are associated with the subtended myocardial mass and 

the coronary volume to mass ratio. Vessels with higher mass and lower V/M ratio have lower 

post-PCI RFR and FFR.  

  



 69 

 

Introduction 

In coronary arteries, discordance between the angiographic degree of stenosis and its 

functional severity is common. 1Aside from stenosis severity, several other co-variables 

influence FFR such collateral flow, microvascular function and the myocardial mass subtended 

by the vessel.  For a given coronary morphology, a higher mass translates into higher coronary 

blood flow which, in turn, generate larger pressure gradients. Therefore, myocardial mass is 

one of the determinants of fractional flow reserve (FFR).2  Myocardial mass and its relationship 

with vessel volume, the so-called volume mass (V/M) ratio, have been associated with lower 

FFR values. 3-5Furthermore, V/M mismatch has been proposed as a possible cause of ischemia 

in patients with non-obstructive coronary arteries (INOCA). 6 

Post-PCI FFR is considered a physiological prognostic marker. Patients with low post-

PCI FFR have been shown to have a worse prognosis compared to higher post-PCI FFR values. 

7,8Post-PCI FFR might be also affected by the subtended myocardial mass. Yet, after PCI there 

are additional procedural related factors that might not present at baseline (e.g. distal 

embolization, iatrogenic coronary microvascular dysfunction, etc.). There is no data assessing 

the relationship between myocardial mass and post-PCI FFR.    

Assessing myocardial mass in clinical practice has been facilitated by the advancement 

in the field of cardiac CT. Recently, dedicated algorithms have been developed to quantify the 

vessel-specific mass based on coronary computed tomography angiography (CCTA). 

4,9,10Moreover, CCTA provides lumen volume calculations. Thus, V/M ratio is a metric that is 

readily available from CCTA scans. We hypothesized that the vessel-specific myocardial mass, 

as well as the ratio of the coronary lumen volume to the vessel-specific myocardial mass (V/M), 

may influence FFR after PCI.  

Material and methods 

 Study population 

This is a sub-analysis of the Prospective Evaluation of a Virtual Non-invasive 

Percutaneous Intervention Planner in Patients with Coronary Artery Disease: Precise PCI Plan 

(P3) study. The design and results of this study have been described in detail previously. 

11Briefly, the P3 study was an investigator-initiated, controlled, multicentre, prospective study 

of patients with chronic coronary syndromes referred for PCI. Patients with CCTA performed 

within the standard of care showing a significant epicardial lesion and an invasive FFR 

measurement ≤0.80 were included. Patients underwent a PCI protocol guided by optical 

coherence tomography (OCT) with pre-and post-stent FFR evaluations. Patients with severely 
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calcified vessels, bifurcation or ostial lesions, left main disease, severe vessel tortuosity, 

previous revascularization, and atrial fibrillation were excluded.  The study protocol was 

approved by the investigational review board or ethics committee at each participating centre. 

All patients signed informed consent before the study procedures. The protocol was registered 

as NCT03782688.  

 Invasive procedure and FFR measurements 

Coronary angiograms were acquired in two projections separated at least by 30 degrees 

after administering intracoronary nitro-glycerine. Three-dimensional quantitative coronary 

angiography (3D-QCA) was performed before and after PCI using a validated software (CAAS 

8.2, Pie Medical Imaging, Maastricht, the Netherlands). FFR measurements were performed 

following current recommendations. 12A continuous intravenous adenosine infusion was given 

at a dose of 140 mg/kg/min via a peripheral or central vein to obtain steady-state hyperaemia 

for at least 2 min. If FFR drift (>0.03) was observed, the FFR was repeated. FFR was defined 

as the lowest ratio between distal and proximal coronary pressures during hyperaemia. Resting 

full-cycle ratio (RFR) was defined as the lowest distal coronary-to-aortic pressure value for 

each heartbeat averaged over five heart cycles and it was automatically calculated offline using 

CoroFlow version 3.6 (Coroventis Research, Uppsala, Sweden). OCT was performed after PCI 

using 75 mm pullbacks acquired using Dragonfly OPTIS Imaging Catheter (Abbott Vascular, 

St. Paul, MN, USA). An automated algorithm defined minimal stent area (MSA).  

 Coronary computed tomography angiography image acquisition and analyses 

Coronary CTAs were performed using the latest generation CT scanners. Local imaging 

acquisition guidelines were followed with the recommendation for the use of nitrates prior to 

CT acquisition and beta-blockers in cases of heart rate higher than 65 b.p.m. 11,13Target major 

epicardial coronary artery and its branches > 1.8 mm diameter were segmented, and vessel, 

lumen was quantified using a validated software (QAngio CT, Medis Medical Imaging, the 

Netherlands).14 Coronary volume was normalized by vessel length (vessel volume/vessel 

length x 100). In order to reflect the lumen volume after PCI, the proximal and distal lumen 

diameter references were extrapolated mimicking the effects of PCI (Supplementary Figure 

S1). 

 Myocardial mass quantification 

Vessel-specific myocardial mass was quantified from the CCTA images using 

Voronoi’s algorithm with dedicated software (3D Synapse 3D, Fujifilm Healthcare Solutions, 

Holdings America Corporation).9 Briefly, in Voronoi’s algorithm voxel in the left ventricle 

(LV) myocardium is partitioned into perfusion volumes according to their distance to the 
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closest supplying coronary artery and then linked to the nearest voxel on the adjacent coronary 

artery. 10,15,16Subsequently, the algorithm automatically calculates the territory by aggregating 

all myocardial voxels associated with the voxels of the coronary artery that are distal to the 

seed point. The software automatically provides the territory-specific myocardial mass volume 

and in percent of the LV mass. Myocardial mass gram is further obtained by multiplying the 

myocardial mass volume by the specific gravity of the myocardium (1.05 g/ml). 17,18The values 

of vessel-specific myocardial mass, in grams (M), and the ratio of the M over the whole LV 

myocardial mass (%M) were used to assess the association with invasive physiology 

measurements. Furthermore, V/M ratio was defined as the ratio of normalized lumen volume, 

and the %M was calculated. 

 Study objectives 

The primary objective was to evaluate the association between the vessel-specific 

myocardial mass and V/M ratio with post-PCI FFR.  

 Statistical analysis  

Continuous variables with normal distribution are presented as mean ± SD and non-

normally distributed variables as median (interquartile range). Categorical variables are 

presented as counts and percentages. Patients were stratified according to the median V/M 

value. The T-tests were used to compare the difference between these groups. Pearson’s test 

was performed to assess for correlation between myocardial mass, V/M ratio and post-PCI 

FFR. Regression analysis was performed to adjust the relationship between V/M ratio and post-

PCI FFR for minimal stent area, and residual diameter stenosis by 3D-QCA. A p-value <0.05 

was considered statistically significant. All statistical analyses were performed with the use of 

R statistical software (R Foundation for Statistical Computing, Vienna, Austria). 

Results 

 Patient and lesion characteristics  

Overall, 132 patients and 135 vessels were included. After exclusion of cases with 

suboptimal CCTA quality for analysis, the final population consisted of 120 patients (123 

vessels, 94 LAD, 13 LCX, 16 RCA; Supplemental Material Figure S2). The mean age was 

64.3±9.9 years, 79% were male and 24% had diabetes. Patients’ demographic and baseline data 

stratified by V/M are shown in Table 1. Baseline lesion and physiological characteristics are 

shown in Table 2. The majority of lesions (75.7%) were located in the left anterior descending 

(LAD) coronary artery. The mean baseline FFR was 0.66±0.13. The mean value of vessel-

specific M was 61.0±23.1 g (median 59.1 g [IQR 44.3 to 72.4]).  The mean value of V/M ratio 

was 8.2±4.6 (median 7.5 [IQR 5.3 to 9.4]).  



 72 

The relationship between myocardial mass and baseline RFR and FFR is shown in 

Supplemental Material Figure S3. There were no differences in pre-PCI FFR or RFR in patients 

with high or low V/M (Table 2). Among patients with a low V/M ratio, there were significantly 

more LAD as compared to cases with high V/M ratio. Moreover, V/M ratio was significantly 

lower in the LAD compared to non-LAD (4.97±1.3 vs 7.70±2.1, p-value<0.001) whereas %M 

was significantly higher in LAD as compared to non-LAD (42.8±10.3% vs 29.4±10.2%, 

p<0.001). The mean V/M ratio was significantly lower for the LAD compared to RCA and 

LCx (7.1±3.3 LAD vs. 13.0±7.3 RCA vs. 10.6±3.7 LCx, p<0.001). Two representative cases 

with high and low V/M ratio are shown in Figure 1. 

 Myocardial mass, V/M ratio and post-PCI FFR  

The mean post-PCI RFR and FFR were 0.92±0.05 and 0.88±0.06 units, respectively. 

The distribution of post-PCI pressure ratios shown in Figure 2.  The vessels subtending higher 

%M had similar RFR (0.91±0.04 high %M vs. 0.92±0.06 low %M, p=0.178) and lower post-

PCI FFR compared to vessels with lower %M FFR 0.87±0.05 high %M vs. 0.89±0.07 low 

%M, p=0.047; Figure 3). %M, as continuous variable, was negatively and significantly 

correlated with post-PCI RFR and FFR (r=-0.25, CI 95% -0.41 to -0.07, p=0.006 and r=-0.35, 

CI 95% -0.18 to -0.19, p<0.001). Vessels with low V/M had lower post-PCI RFR and FFR 

(RFR 0.91±0.05 low V/M vs. 0.93±0.05 high V/M, p-value=0.04 and FFR 0.87±0.06 low V/M 

vs 0.89±0.07 high V/M, p=0.02) and V/M, as a continuous variable, was significantly 

correlated with both post-PCI RFR and FFR (RFR r=0.37, 95% CI 0.21-0.52 p<0.001 and FFR 

r=0.41, 95% CI 0.26-0.55, p<0.001; Figure 4). The association of V/M with post-PCI FFR was 

independent of residual diameter stenosis (by QCA) and OCT-minimum stent area (point 

estimate 0.006; 95% CI: 0.003 to 0.008; p< 0.001 and point estimate 0.006; 95% CI: 0.003 to 

0.008; p< 0.001, respectively). 

Discussion 

The findings of the present study can be summarized as follows: After PCI, lower RFR 

and FFR values were found in vessels supplying a larger myocardial mass. The resultant low 

V/M suggests that pressure losses after successful PCI may arise, at least in part, due to a 

mismatch between coronary artery lumen volume and myocardial demand, a situation that was 

found particularly frequent in the LAD. The moderate association between mass and post-PCI 

resting and hyperaemic indexes was independent of residual stenosis.  

Allometric scaling laws have been proposed to relate anatomic and physiologic 

variables to organism size. 19These laws have also been applied to relate these variables to 

organ size. 20The general form of the scaling law between organ perfusion and organ mass is 
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Q ≈ M3/4.  In a porcine model, Choy et al. found a very tight relationship between myocardial 

flow and mass  as well as between coronary artery volume and myocardial mass. 

21Accordingly, Taylor et al. have shown that patients with coronary artery disease have large 

variations in coronary artery volume and that FFR was significantly lower in arteries with a 

small vascular volume and perfusing a large myocardial mass, i.e. arteries with a small V/M 

ratio. 4The V/M ratio, therefore, appears as a measure of the capability of the epicardial 

coronary arteries to supply blood according to the myocardial demand. It is important to note 

that the discrepancy in the V/M ratio may be one of the reasons for the observed different FFR 

values in the LAD versus non-LAD vessels. It has been confirmed that in regions with larger 

amount of myocardial mass (as the zones supplied by LAD) the absolute myocardial blood 

flow is greater than in regions supplied by RCA or LCX. 22-24Thus, meaning, that in a condition 

of higher flow, coronary lesions with equal anatomical stenosis will produce a greater gradient 

and a lower FFR compared to those with lower flow. Furthermore, the RCA have higher lumen 

volume compared to the LAD due to the progressive physiologic tapering of the latter. 

25Consequently, our results are in accordance with evidence of smaller V/M ratio in the LAD 

compared to that in the non-LAD arteries. 26It is noteworthy that previous studies assessed the 

association of V/M and FFR on a patient level. 4,27To the best of our knowledge, our study is 

the first to assess the relationship between vessel-specific mass and resultant V/M ratio and 

post-PCI RFR and FFR. This was feasible thanks to the advent of dedicated mass extraction 

algorithms that can be applied to conventional CCTA. Vessel-specific V/M implies the 

association between blood supply and myocardial demand for each coronary vessel. The 

specific territory Voronoi's algorithm has been validated in the swine model and showed 

excellent accuracy in measuring myocardial mass at risk. Furthermore, Voronoi's CT-derived 

myocardial mass is highly reproducible and to correlate with the ischemic burden.   

In the present study, resting and hyperemic pressure ratios after PCI were equally affected by 

the myocardial mass subtended by the vessel. The results of the present study suggest that post-

PCI FFR should be interpreted by accounting for the subtended mass.  In vessels with higher 

myocardial mass, post-PCI RFR and FFR were lower compared to vessels with lower 

subtended mass. Therefore, in vessels with large mass, predominantly represented by the LAD, 

lower RFR and FFR values should be expected. This was independent of residual disease 

assessed by diameter stenosis by 3D-QCA and MSA by OCT. Conversely, vessels with lower 

mass showed higher post-PCI RFR and FFR values.  

Limitations 
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The present study has several limitations. First, most of the vessels included in our 

analysis are LAD, thus, the study was not powered to assess the variation in V/M ratio and its 

impact on post-PCI FFR across the different coronary arteries; we partly circumvent this issue 

by grouping the RCA and LCx and compared them to LAD. Second, by study design, all 

patients had a pre-PCI FFR ≤0.80; this selection criterion introduced bias for assessing the 

relationship between pre-PCI FFR and myocardial mass. Third, the coronary microvascular or 

collateral flow, were not available in the current analysis. Fourth, the correlation between 

myocardial mass and FFR described in the present study did not account for the potential effect 

of hydrostatic forces that inevitably affect LAD and non-LAD differently when sensored tip 

wires are used for the measurements. 28Fifth, the presented observations are also not 

generalizable to patients with severely calcified vessels, bifurcation or ostial lesions, left main 

disease, patients with severe vessel tortuosity, history of previous revascularization or atrial 

fibrillation since these patients were excluded according to the study protocol.   

Conclusion 

Fractional flow reserve and non-hyperaemic pressure ratios after PCI are associated 

with the subtended myocardial mass and the ratio of coronary volume to subtended mass. 

Vessel with higher myocardial mass have lower post-PCI RFR, and FFR values, and vessels 

with higher V/M ratio have higher post-PCI RFR and FFR. 
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Table 1. Baseline patient characteristics. 

Variables Overall 
Low V/M 

<7.5 

High V/M 

≥7.5 
P-value 

N 120 60 60  

Age, years (mean ± SD) 64.3±9.00 65.0±8.8 63.6±9.2 0.40 

Sex, Male, n (%) 95 (79.2) 46 (76.7) 49 (81.7) 0.65 

BMI, kg/m2 (mean ± SD) 26.9±3.3 27.0±3.3 26.7±3.3 0.57 

Dyslipidaemia, n (%) 95 (79.2) 44 (73.3) 51 (85.0) 0.18 

Hypertension, n (%) 70 (58.3) 27 (45.0) 43 (71.7) 0.005 

Diabetes mellitus, n (%) 29 (24.2) 9 (15.0) 20 (33.3) 0.03 

Current smoker, n (%) 28 (23.3) 12 (20.0) 16 (26.7) 0.52 

Creatinine, mg/dL 0.94±0.20 0.94±0.20 0.94±0.20 0.880 

Clinical presentation    0.354 

Silent ischemia, n (%) 28 (23.3) 15 (25.0) 13 (21.7)  

Stable angina CCS I, n (%) 37 (30.8) 18 (30.0) 19 (31.7)  

Stable angina CCS II, n (%) 44 (36.7) 24 (40.0) 20 (33.3)  

Stable angina CCS III, n (%) 8 (6.7) 2 (3.3) 6 (10.0)  

Stable angina CCS Ⅳ, n (%) 1 (0.8) 1 (1.7) 0 (0.0)  

Unstable angina, n (%) 2 (1.7) 0 (0.0) 2 (3.3)  

V/M volume to mass ratio; BMI Body mass index 

* In patients with two vessels treated (n=3), the one with the lowest V/M was used for the 

patient level analysis.  
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Table 2. Pre-PCI lesion characteristics stratified by V/M. 

Variables Overall 
Low V/M 

<7.5 

High V/M 

≥7.5 
P-value 

N 123 61 62  

Number of vessels, n (%)    0.01 

     LAD 94 (76.4) 54 (88.5) 40 (64.5)  

     LCX 13 (10.6) 3 (4.9) 10 (16.1)  

     RCA 16 (13.0) 4 (6.6) 12 (19.4)  

Coronary lumen volume (mm3), 

mean ± SD 

390.2 ± 

172.0 

314.3 ± 

104.8 

464.9 ± 

192.3 
< 0.001 

Coronary lumen volume 

(normalized, mm3), mean ± SD 

299.4 ± 

127.7 

226.3 ± 

72.5 

371.2 ± 

129.8 
< 0.001 

Vessel-specific myocardial mass 

(g), mean± SD  
61.0 ± 23.1 

68.23± 

24.3 
53.9± 19.5 <0.001 

Present myocardial mass (%), mean 

± SD 
39.6 ± 11.7 

44.43± 

10.8 
34.9± 10.7 < 0.001 

V/M, mean ± SD 8.23 ± 4.6 5.16± 1.3 11.3± 4.6 <0.001 

Lesion length, QCA, mm (mean ± 

SD) 
25.4 ± 14.4 24.2 ± 11.5 26.5 ± 16.7 0.389 

Vessel length, QCA, mm (mean ± 

SD) 

133.3 ± 

30.74 

141.8 ± 

28.89 

124.9 ± 

30.42 
0.002 

Mean reference diameter, QCA, mm 

(mean ± SD) 
2.70 ± 0.50 2.78 ± 0.46 2.63 ± 0.53 0.09 

Minimal lumen diameter, QCA, mm 

(mean ± SD) 
1.29 ± 0.41 1.29 ± 0.42 1.30 ± 0.41 0.86 

Diameter stenosis, QCA, % (mean ± 

SD) 
51.4 ± 14.3 53.6 ± 13.9 49.21 ± 14.4 0.089 
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Baseline physiology     

RFR pre-PCI (mean ± SD) * 0.77±0.18 0.76± 0.19 0.77±0.18 0.922 

FFR pre-PCI (mean ± SD) ** 0.66±0.13 0.67±0.14 0.66±0.13 0.64 

Procedural      

Number of stents per vessel, (mean ± 

SD) 
1.27 ± 0.54 1.20 ± 0.48 1.34 ± 0.60 0.15 

Stent diameter, mm (mean ± SD) 3.23 ± 0.95 3.15 ± 0.78 3.31 ± 1.08 0.36 

Stent length, mm (mean ± SD) 35.0 ± 16.3 32.2 ± 14.2 37.7 ± 17.9 0.06 

Pre-dilatation, n (%) 113 (91.9) 56 (91.8) 57 (91.9) 0.48 

Post-dilatation, n (%) 111 (90.2) 55 (90.1) 56 (90.3) 0.50 

QCA quantitative coronary angiography; SD standard deviation; OCT optical coherence 

tomography; PCI percutaneous coronary intervention; V/M volume to mass ratio; FFR 

fractional flow reserve 

* Available for 107 lesions. (Low V/M 53 lesions, High V/M 54 lesions) 

** Available for 116 lesions. (Low V/M 56 lesions, High V/M 60 lesions) 
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Table 3. Post-PCI lesion characteristics stratified by V/M. 

Variables 
Overall 

(n=123) 

Low V/M 

<7.5 

High V/M 

≥7.5 
P-value 

N 123 61 62  

FFR post-PCI (mean ± SD) 0.88±0.06 0.87±0.06 0.89±0.07 0.02 

RFR post-PCI (mean ± SD) 0.92±0.05 0.91±0.05 0.93±0.05 0.04 

Mean reference diameter, QCA, mm 

(mean ± SD) 
2.86±0.48 2.86 ± 0.47 2.87 ± 0.49 0.91 

Minimal lumen diameter, QCA, mm 

(mean ± SD) 
2.76±0.46 2.73 ± 0.43 2.78 ± 0.49 0.57 

Residual Diameter stenosis, QCA, 

% (mean ± SD) 
2.61±11.2 3.57 ±10.95 1.66±11.4 0.35 

Minimal stent area, OCT, mm2 

(mean ± SD)* 
5.53±2.06 5.49±1.65 5.56±2.33 0.88 

* Available for 102 lesions. (Low V/M 46 lesions, High V/M 56 lesions) 

FFR fractional flow reserve; RFR resting-full-cycle ratio; QCA quantitative coronary 

angiography; SD standard deviation; OCT optical coherence tomography; PCI percutaneous 

coronary intervention; V/M volume to mass ratio 
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Figure 1. Case examples of myocardial mass and post-PCI FFR.  

Panel A shows a coronary CT angiography of a Right Coronary artery (RCA) with a post-PCI 

FFR of 0.99 with a V/M ratio of 30.0 (Coronary volume 497.3mm3; %M 16.6%). Panel B 

shows a Left Anterior Descending artery with a post-PCI FFR of 0.79 and a V/M ratio of 5.0 

(Coronary volume 150.3mm3; %M 29.9%). The case examples depict the effect of V/M on 

post-PCI FFR. 

PCI percutaneous coronary intervention; FFR fractional flow reserve; %M percent myocardial 

mass; V/M volume to mass ratio. 



 80 

  



 81 

Figure 2. Distribution of post-PCI resting full-cycle ratio and fractional flow reserve. 
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Figure 3. Percent myocardial mass and post-PCI resting and hyperaemic pressure ratios. 

Panels A and B show box plots comparing post-PCI RFR and FFR values in vessels with low 

and high percent mass (%M), respectively. Panels B and C show the relationship between %M 

and post-PCI RFR and FFR, respectively. Panel E shows the distribution of vessel-specific 

%M stratified by coronary vessel.  

PCI percutaneous coronary intervention; RFR resting full-cycle ratio; FFR fractional flow 

reserve; %M percent myocardial mass. 
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Figure 4. Volume to mass ratio and post-PCI resting and hyperaemic pressure ratios. 

Panels A and B show box plots comparing post-PCI RFR and FFR values in vessels with low 

and high volume to mass ratio (V/M), respectively. Panels B and C show significant 

relationships between V/M and post-PCI RFR and FFR, respectively. Panel E shows the 

distribution of vessel-specific V/M stratified by coronary vessel.  

PCI percutaneous coronary intervention; RFR resting full-cycle ratio; FFR fractional flow 

reserve; V/M volume to mass ratio 
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In reporting the results of FFR-REACT, the vessel distribution shows a predominance of Left 

Anterior Descending arteries (LAD) compared to non-LAD vessels (74 % vs. 25%).1 

Intracoronary pressure measurements in the LAD are affected by the hydrostatic pressure 

leading to lower fractional flow reserve (FFR) values. The LAD runs approximately 5 cm 

above the ostium of the left main stem resulting in a progressive reduction of the coronary 

pressure when measured with sensor tip pressure wires. Theoretically, the highest possible FFR 

in a normal LAD would be 0.96, and trans-stent pressure gradients are invariably present in 

LAD while the opposite situation occurs in the right coronary artery (RCA).2   For this reason, 

inclusion criteria of post-PCI FFR <0.90 generated a selection bias towards more LAD. 3,4It 

would be of interest to compare vessel type between patients included in the trial and those 

with post-PCI ≥ 0.90 allocated to the registry. In addition, understanding how post-PCI 

physiology (post-PCI FFR, trans-stent pressure gradients, and the rate of patients with FFR 

≤0.80) differed between LAD and non-LAD vessels could inform practitioners on the inter-

vessel differences in coronary physiology that appear to be more apparent in the post-PCI 

phase. 
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Abstract  

Background: Low fractional flow reserve (FFR) after PCI has been associated with adverse 

clinical outcomes. Hitherto, this assessment has been independent of the epicardial vessel 

interrogated. 

Objectives: To assess the predictive capacity of post-PCI FFR for target vessel failure (TVF) 

stratified by coronary artery. 

Methods: A systematic review and individual patient-level data meta-analysis of randomized 

clinical trials and observational studies with protocol-recommended post-PCI FFR assessment. 

The difference in post-PCI FFR between LAD and non-LAD was assessed using a random-

effect models meta-analysis of mean differences. TVF was defined as a composite of cardiac 

death, target vessel myocardial infarction, and clinically-driven target vessel revascularization. 

Results: Overall, 3,336 vessels (2,760 patients) with post-PCI FFR measurements were 

included in 9 studies. The weighted mean post-PCI FFR was 0.89 (95% CI 0.87 to 0.90) and 

differed significantly between coronary vessels (LAD 0.86, 95% CI 0.85 to 0.88 vs. non-LAD 

0.93, 95% CI 0.91 to 0.94, p-value <0.001). Post-PCI FFR was an independent predictor of 

TVF, with its risk increasing by 52% for every reduction of 0.10 FFR units and this was mainly 

driven by TVR. In the LAD, post-PCI FFR was 0.064 units (95% CI 0.082 to 0.045) lower 

than non-LAD, and the predicted capacity for TVF was poor for the LAD (AUC 0.52, 95% CI 

0.47 to 0.58) and moderate for non-LAD (0.66, 95% CI 0.59 to 0.73; p-value LAD vs non-

LAD = 0.005).  

Conclusion: The LAD is associated with a lower post-PCI FFR than non-LAD arteries, 

emphasizing the importance of interpreting post-PCI FFR on a vessel-specific basis. While 

higher post-PCI FFR was associated with improved prognosis, its predictive capacity for events 

differs between the LAD and non-LAD arteries, being poor in the LAD and moderate in non-

LAD vessels. 
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Introduction  

Fractional flow reserve (FFR) was developed and validated to quantify the relative 

reduction in normal maximum flow due to an epicardial stenosis.1,2  Based on a substantial 

body of evidence, an FFR between 0.75-0.80 has entered the guidelines as a metric to determine 

the appropriateness of revascularization, and an FFR of ≤0.75 can be used to define more severe 

flow impairment that is of prognostic relevance.3 The utility of FFR to guide revascularization 

decisions has been demonstrated in numerous clinical trials among patients across the spectrum 

of coronary artery disease. 45  

Successful PCI re-establishes epicardial conductance and improves myocardial 

perfusion. Consequently, FFR measured after PCI can quantify the degree of functional 

revascularization. Several studies have observed that in a sizable proportion of patients, 

epicardial hemodynamics remain abnormal despite angiographically successful PCI. 67 8 

Moreover, post-PCI FFR has been proposed as a clinical target to optimize PCI and as a 

surrogate endpoint for clinical outcomes. 910 11 12 

FFR measurements after PCI are increasingly performed both in the context of clinical 

studies and in routine practice. Hitherto, post-PCI FFR had been proposed as a metric reflecting 

the degree of residual flow limitation in coronary vessels. Historically and in contemporary 

practice, this assessment has been independent of the specific epicardial vessel interrogated. 

Nevertheless, post-PCI FFR measured in the left anterior descending (LAD) artery has been 

reported to be lower than in non-LAD vessels. 13The clinical implications and mechanisms of 

this finding remain to be elucidated. 

There are four main goals of this paper: 

(1) to present individual patient-level data (IPD) summarizing post-PCI FFR stratified 

by coronary artery; 

(2) to investigate the predictive power of vessel-specific post-PCI FFR for target vessel 

failure; 

(3) to describe the mechanisms that account for inter-vessel differences in post-PCI 

FFR values;  

(4) to provide recommendations for clinicians and trialists about the use and 

interpretation of post-PCI FFR measurements. 

Methods 

Two independent reviewers (C.C. and T.M.) systematically searched 

MEDLINE/Embase/CENTRAL applying the search terms ‘fractional flow reserve” and “post-

PCI”. The search was conducted in December 2021. No restrictions were applied concerning 
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language. Data were obtained from fully published articles. The principal investigator for each 

of the studies included was contacted for individual patient-level data. We included 

randomized clinical trials or observational studies with patients who (i) underwent PCI for 

obstructive coronary artery disease; (ii) post-PCI FFR was measured and (iii) patient-level data 

was obtained. The same two investigators extracted data in agreement with PRISMA (Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses) guidelines. Bias assessment was 

performed using the Cochrane Collaboration’s tool. There was no funding available for this 

systematic review and IPD. This systematic review and meta-analysis were registered in 

PROSPERO (CRD42021274567).  

The primary outcome of interest was the predictive capacity of post-PCI FFR for target 

vessel failure (TVF), defined as a composite of cardiac death, target vessel myocardial 

infarction (MI), and clinically-driven target vessel revascularization (TVR) stratified by 

coronary artery. Peri-procedural myocardial infarction was not included as a TVF component. 

The secondary outcome of interest was determining the difference between post-PCI FFR units 

between LAD and non-LAD vessels. 

Statistical analysis 

Continuous variables are presented as means and standard deviation, and categorical 

variables as percentages and counts. The difference in post-PCI FFR between LAD and non-

LAD was assessed using a random-effects models meta-analysis of mean differences. 

Differences between LAD and non-LAD arteries stratified by randomized and observational 

studies were compared using random-effects models and interaction testing. Random-effects 

models were stratified by trial to assess independent predictors of low post-PCI FFR.  For 

assessing independent predictors of post-PCI-FFR, the model was adjusted for age, 

hypertension, dyslipidemia, diabetes mellitus, vessel type, pre-PCI FFR, number of stents, and 

stent length. All patients included in the analysis of the clinical outcomes were treated with 

second-generation drug-eluting stents. Receiver-operating characteristic curves (ROC) were 

used to define the best cutoff to predict TVF stratified by vessel (i.e., LAD versus non-LAD). 

Youden's index defined the best cutoff to predict TVF in LAD and non-LAD. ROC curves 

between LAD and non-LAD were compared using the DeLong test. Subsequently, survival 

curves were created using the vessel-specific cutoff. In addition, vessel-specific cutoffs were 

verified by maximally selected rank statistics and Cox regression using FFR bins every 0.05 

units to detect the maximal hazard ratio.  

Random-effect models with random intercepts and slopes were created to assess the 

relationship between post-PCI FFR and TVF. To account for multiple observations per patient 
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mixed effect models were stratified by trial and by patient.  For assessing predictors of TVF, 

the model was adjusted by known clinical and procedural characteristics associated with 

adverse prognoses. Variables showing a significant association with TVF were included in the 

multivariable model. Finally, the analysis was complemented by a bivariate meta-analysis to 

assess the prognostic performance of post-PCI FFR for TVF. These results are presented as 

accuracy, sensitivity, specificity, positive predictive value (PPV), negative predictive value 

(NPV), positive likelihood ratio (PLR), and negative likelihood ratio (NLR) for post-PCI FFR 

to detect TVF using the vessel-specific cutoffs derived from the ROC analyses (i.e., 0.83 for 

LAD and 0.93 for non-LAD). All analyses were performed with R (R Foundation for Statistical 

Computing, Vienna, Austria).   

Results 

We identified 54 studies with protocol-recommended post-PCI FFR assessments. The 

systematic review flowchart and preferred reporting items for systematic reviews and meta-

analyses (PRISMA) checklist are shown in Supplemental Material Tables S1 and S2. After 

contacting principal investigators, individual patient-level data from four randomized clinical 

trials and five observational studies encompassing 2,760 patients with 3,336 vessels with post-

PCI FFR measurements were obtained. Bias assessment is reported in Supplementary Material 

Table S3. 

1. Post-PCI FFR stratified by coronary artery 

Overall, 3,336 vessels with post-PCI FFR measurements were included in 9 studies. 

The design, baseline, and procedural characteristics stratified by study are shown in 

Supplemental Material Tables S4 and S5. 79 11 14 15 16 17,18   The weighted mean age of patients 

was 63.1 (95% CI 61.4 to 64.8), 83.1% were males, and diabetes was present in 32.1%. The 

weighted mean pre-PCI FFR was 0.65 (95% CI 0.62 to 0.69) and was similar between vessel 

(LAD 0.66, 95% CI 0.63 to 0.69 vs. non-LAD 0.65, 95% CI 0.61 to 0.69; mean difference 

0.007, 95% CI -0.023 to -0.037). The mean number of stents implanted per vessel was 

1.26±0.56, and the mean stent length was 28.1±14.8 mm.  

Post-PCI FFR was measured in LAD: 1,872 (56.1%), LCX: 630 (18.9%) and RCA: 834 

(25.0%). The weighted mean post-PCI FFR was 0.89 (95% CI 0.87 to 0.90) and differed 

significantly between coronary vessels (LAD 0.86, 95% CI 0.85 to 0.88 vs. non-LAD 0.93, 

95% CI 0.91 to 0.94, p-value <0.001), p-value <0.001; Figure 1 and Table 1).  The distributions 

of pre-and post-PCI FFR are shown in Supplemental Material Figures S1 and S2.  In the LAD, 

post-PCI FFR was 0.064 (95% CI 0.082 to 0.045) FFR units lower than non-LAD. This 

difference was consistent between randomized and observational trials (-0.057, 95% CI -0.104 
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to -0.011 FFR units in randomized trials vs. -0.070, 95% CI: -0.095 to -0.045 FFR units in 

observational studies, p-value = 0.473; Supplemental Material Figure S3). The LAD vessel, 

pre-PCI FFR, diabetes mellitus, and stent number and length were independent predictors of 

low post-PCI FFR (Supplemental Material Table S6). 

2. Prognostic capacity of post-PCI FFR for target vessel failure 

Two randomized clinical trials and three observational studies encompassing 1,864 

patients treated with second-generation DES reported mid-term clinical outcomes (Table 2). 

Overall, 2,184 post-PCI FFR measurements were included: LAD 1,301 (59.6%), LCX 386 

(17.7%) and RCA 496 (22.7%). The median follow-up was 2.00 [IQR 1.46-4.61] years. 

Baseline patient and procedural characteristics are shown in Supplemental Material Tables S4 

and S5.  

Overall, TVF occurred in 161 patients (24 cardiac death, 43 TV-MI, and 132 TVR). 

Overall, post-PCI FFR had a poor predictive capacity for TVF with an AUC of 0.58 (95% CI: 

0.54 to 0.62). When stratified by vessel, the predictive capacity of post-PCI FFR for TVF 

showed an AUC of 0.52 (95% CI: 0.47 to 0.58) for the LAD and an AUC of 0.66 (95% CI: 

0.59 to 0.73) for non-LAD (p-value LAD vs. non-LAD = 0.005) (Figure 2). The predicted 

capacity of post-PCI FFR for TVF was mainly driven by TVR. Overall, the risk of TVF 

increased by 52% per every reduction of 0.10 FFR units (Supplemental Material Figure S4). 

Post-PCI FFR was significantly associated with adverse events both in LAD and non-LAD 

groups; patients with low post-PCI FFR in LAD and non-LAD had higher rates of TVF (Figure 

3). Survival curves of TVF components stratified by low and high post-PCI FFR are shown in 

Figure 4. Clinical and procedural characteristics of patients with and without TVF are shown 

in Table 3. In a multivariable analysis adjusting for clinical and procedural variables, age and 

post-PCI FFR emerged as the only independent predictor of adverse events (Supplemental 

Material Tables S7 and S8). The thresholds derived from Youden indexes corresponded to 

maximal hazard ratios for TVF for LAD and non-LAD, respectively (Supplemental Material 

Table S9 and Figure S5). High post-PCI FFR, according to vessel-specific cut-offs, conferred 

high negative predictive values for TVF (LAD: 92%, 95% CI:  90 – 94 and non-LAD: 96% 

95% CI: 94 – 98; Supplemental Material Table S10). The change in FFR (functional gain) was 

not associated with TVF (Supplemental Material Figure S6).  

When the composite of cardiac death and TV-MI was analysed, patients with low post-

PCI FFR had an increased risk of cardiac death or TV-MI (adjusted HR 0.58, 95% Cl 0.36 to 

0.93, p-value =0.025); this increased risk was observed in LAD and non-LAD vessels. As for 
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TVF, the predicted capacity of post-PCI FFR for TV-MI and cardiac death was poor in LAD 

and moderate in non-LAD (Figure 5).  

Discussion 

The present individual patient data (IPD) analysis provides evidence linking post-PCI 

FFR to adverse clinical outcomes.  The risk of TVF increased by 52% with every 0.10 units 

decrease in post-PCI FFR. Patients with low post-PCI had an increased risk of cardiac death 

and MI than those with high post-PCI FFR. Moreover, post-PCI FFR was the only independent 

predictor of TVF. The novelty of the present analysis lies in the differentiation of post-PCI 

FFR values among coronary vessels. Specifically, post-PCI FFR was significantly lower in 

LAD vs non-LAD by 0.06 (95% CI: 0.05 to 0.08) FFR units. Additionally, the predictive 

capacity of post-PCI FFR for TVF varies between vessels, with poorer performance observed 

in the LAD and moderate performance observed in non-LAD vessels. The predictive capacity 

of post-PCI for the outcomes was mainly driven by TVR.   

Post-PCI FFR has been identified in several independent cohorts as a prognostic 

marker. Several factors, including patient characteristics, diffuse disease, atherosclerotic 

plaque composition, and PCI technique, have been shown to influence FFR after PCI. 199 20 

Moreover, adrenergic stimulation due to stress and anxiety, pre-hydration, contrast volume, 

ischemic time due to prolonged coronary manipulation, microvascular dysfunction due to 

microparticles embolization, temporary or persistent slow flow/no-reflow phenomena can 

affect post-PCI FFR. Clinically, low post-PCI FFR can result from two mechanisms 

identifiable using longitudinal vessel assessment. Pressure deterioration can occur gradually 

along the coronary vessel with homogeneously distributed pressure gradients (i.e., residual 

diffuse disease), or focal pressure gradients may arise from stent under-expansion and residual 

(or unmasked) focal stenoses. Thus, beyond low post-PCI FFR, understanding residual 

functional disease necessitates longitudinal vessel interrogation with pressure pullbacks. The 

FFR REACT trial addressed this question by assessing the impact of PCI optimization directed 

by IVUS in patients with post-PCI FFR <0.90. The use of IVUS translated into higher post-

PCI FFR; however, this strategy failed to improve clinical outcomes at one year. 21A recent 

meta-analysis, confirmed the prognostic value of post-PCI FFR by demonstrating that reduced 

FFR after DES implantation was associated with TVF and cardiac death or TV-MI. 22The 

present analysis expands those findings by exposing the need for a different interpretation of 

post-PCI FFR according to the coronary artery. Low post-PCI FFR values in the LAD are 

common, and despite their association with outcomes, its predictive capacity for events was 
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poor. In contrast, post-PCI FFR in non-LAD appears to bear superior predictive capacity for 

TVF than in the LAD.  

Two fundamental mechanisms contribute to differential FFR values in LAD versus 

non-LAD: the difference in subtended myocardial mass and the hydrostatic effect. 2324  25 The 

LAD subtends larger mass, leading to higher blood flow and pressure losses. Hydrostatic 

effects arise in a supine patient because the mid to distal segment of the LAD runs 

approximately 5 cm above the ostium of the left main stem, and when the digital sensor of wire 

is placed in this location, a slight hydrostatic gradient is invariably generated. 2627 28 

Conversely, the distal LCX and right posterolateral branches course about 3-4 cm below the 

ostium and the opposite phenomenon is observed. 29These differences may explain circa 0.04 

FFR units in a single vessel. These findings have been observed with resting and hyperemic 

pressure ratios26. Because of the range of the metrics, hydrostatic effect impact non-hyperaemic 

pressure ratios almost twice as much as FFR, given the lower range of Pd/Pa values during 

resting conditions.28  Notably, the average difference in our cohort between LAD and non-

LAD vessels was 0.064, consistent with the expectation regarding hydrostatic effects (LAD 

0.04 lower from a 5-cm elevation, LCX or RCA 0.02 higher, due to a 3-4 cm depression; net 

difference 0.06). The abovementioned mechanisms may influenced the predictive capacity of 

post-PCI FFR in LAD vs. non-LAD for TVF.   

The primary goals of assessing intracoronary physiology are identifying large 

epicardial gradients to explain clinical signs and symptoms and distinguishing focal gradients 

(amenable to revascularization) from diffuse gradients (less suitable for revascularization). A 

comprehensive and carefully studied FFR pullback before initiating PCI and after stent 

implantation will likely result in more personalized procedural planning, leading to better 

patient selection and a higher degree of functional revascularization. 

Limitations 

The present IPD analysis has several limitations. First, information about the use of 

intravascular imaging guidance was not available. Therefore, we can only hypothesize about 

the impact of intravascular imaging on post-PCI FFR and clinical outcomes. Second, FFR 

pullback curves pre- or post-PCI were not accessible in all studies. Third, randomized and 

observational data were combined for the analysis, and outcomes data were available only for 

five studies (2 RCTs and three observational studies). Fourth, not all operators and event 

adjudication processes were blinded to the post-PCI FFR results. This may have introduced 

bias in the management of patients after PCI. Fifth, FFR tracings were not analysed by an 

independent Core Laboratory.  
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Conclusion and 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 and myocardial mass, the LAD coronary artery is associated with a lower 

post-PCI FFR than non-LAD arteries.  

2. Post-PCI FFR can be considered a metric of functional revascularization. While 

influenced by procedural technique, post-PCI FFR is largely determined by the coronary artery 

(LAD vs. non-LAD) and, as shown by other studies, by the baseline phenotype of CAD (focal 

vs. diffuse).  

3. Although a higher post-PCI FFR reduces the probability of adverse events, its 

predictive value was poor for the LAD and moderate for non-LAD. There is insufficient 

evidence to support post-PCI FFR as a surrogate marker of outcomes in clinical practice. 

Further investigation is necessary to understand if additional PCI in response to post-PCI FFR 

data can improve clinical outcomes. 
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Table 1. Anatomical and functional characteristics stratified by vessel.  

Variables LAD LCX RCA P-value 

Number of vessels 1872 630 834  

Diameter stenosis (%), mean ± SD¶ 64.4 ± 13.9 70.1 ± 14.0 69.8 ± 13.7 <0.001 

Lesion length (mm), mean ± SD¶¶ 20.6 ± 11.5 16.8 ± 9.1 18.8 ± 11.5 <0.001 

FFR pre-PCI, mean ± SD¶¶¶ 0.66 ± 0.13 0.65 ± 0.14 0.64 ± 0.15 0.003 

FFR post-PCI, mean ± SD 0.86 ± 0.06 0.93 ± 0.06 0.91 ± 0.06 <0.001 

Functional gain*, mean ± SD¶¶¶ 0.20 ± 0.13 0.28 ± 0.15 0.27 ± 0.16 <0.001 

Relative functional gain**, mean ± SD§ 54.01 ± 21.39 75.82 ± 22.37 71.73 ± 21.12 <0.001 

Number of stents, mean ± SD§§ 1.28 ± 0.54 1.15 ± 0.42 1.32 ± 0.67 <0.001 

Total stent length (mm) §§§, mean ± SD 28.82 ± 14.24 23.32 ± 10.91 30.14 ± 17.62 <0.001 

LAD Left anterior descending artery. LCX Left circumflex. RCA Right coronary artery. FFR 

Fractional flow reserve. PCI Percutaneous coronary interventions. SD Standard deviation. 

* Post PCI FFR minus pre-PCI FFR.     

** Post PCI FFR minus pre-PCI FFR / (1 minus pre-PCI FFR).  

¶ Data available for 1,848 vessels.   

¶¶ Data available for 1,815 vessels.  

¶¶¶ Data available for 2,734 vessels.  

§ Data available for 2,731 vessels.  

§§ Data available for 3,282 vessels.  

§§§ Data available for 3,272 vessels.  
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Table 2. Clinical events stratified by study. 

Variables Overall 
3V FFR 

FRIENDS 

ARKANSAS 

Registry 

COE-

PERSPECTIVE 
FAME 2 TARGET-FFR 

Number of patients 1,864 266 330 742 287 239 

Number of vessels 2,184 337 347 937 324 239 

Target vessel failure, n (%) 161 (8.6) 19 (7.1) 57 (17.3) 33 (4.4) 51 (17.8) 1 (0.4) 

Cardiac death or myocardial 

infarction, n (%) 
66 (3.5) 2 (0.8) 31 (9.4) 7 (0.9) 25 (8.7) 1 (0.4) 

Cardiac death, n (%) 24 (1.3) 0 (0.0) 12 (3.6) 6 (0.8) 5 (1.7) 1 (0.4) 

Myocardial infarction, n (%) 43 (2.3) 2 (0.8) 20 (6.1) 1 (0.1) 20 (7.0) 0 (0.0) 

Target vessel 

revascularization, n (%) 
132 (7.2) 19 (7.1) 46 (13.9) 27 (3.6) 40 (13.9) 0 (0.0) 
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Table 3. 

Variables No TVF TVF P- value 

Number of patients 1703 161  

Age (yrs), mean ± SD 63.17 ± 9.44 65.50 ± 8.45 0.003 

Gender (male), n (%) 1420 (83.4) 136 (84.5) 0.807 

BMI, mean ± SD¶ 29.06 ± 4.93 28.84 ± 4.45 0.755 

Hypertension, n (%) 1156 (67.9) 130 (80.7) 0.001 

Dyslipidemia, n (%) 1074 (63.1) 125 (77.6) <0.001 

Diabetes mellitus, n (%) 579 (34.0) 73 (45.3) 0.005 

Smoking, n (%) 587 (34.5) 52 (32.3) 0.636 

Family history of CAD, n (%)¶ 273 (57.6) 18 (34.6) 0.003 

Prior PCI, n (%)¶ 133 (28.1) 14 (26.9) 0.992 

Prior MI, n (%) 249 (17.4) 28 (26.9) 0.022 

Number of vessels 2014 170  

Vessel (%)   0.280 

  LAD 1190 (59.1) 111 (65.3)  

  LCX 361 (17.9) 25 (14.7)  

  RCA 463 (23.0) 34 (20.0)  

FFR pre-PCI, mean ± SD§ 0.66 ± 0.13 0.67 ± 0.13 0.975 

FFR post-PCI, mean ± SD 0.88 ± 0.07 0.86 ± 0.07 0.001 

High post-PCI FFR, n (%) 1157 (57.4) 74 (43.5) 0.001 

Functional gain*, mean ± SD§ 0.21 ± 0.14 0.20 ± 0.14 0.237 

Relative functional gain**, mean ± SD§ 60.29 ± 23.41 54.97 ± 25.37 0.008 

Number of stents, mean ± SD§§ 1.24 ± 0.52 1.28 ± 0.57 0.263 

Total stent length (mm), mean ± SD 29.92 ± 14.87 27.19 ± 13.19 0.021 

Diameter stenosis (%), mean ± SD§§§ 67.26 ± 14.08 64.41 ± 10.76 0.139 

Lesion length (mm), mean ± SD§§§§ 20.13 ± 11.35 20.87 ± 9.66 0.630 

TVF Target vessel failure. BMI Body mass index. CAD Coronary artery disease. MI 

Myocardial infarction. LAD Left anterior descending artery. LCX Left circumflex. RCA Right 

coronary artery. FFR Fractional flow reserve. PCI Percutaneous coronary interventions. SD 

Standard deviation. 

High post-PCI FFR was defined using FFR more than 0.83 and 0.93 cutoff for LAD and non-

LAD, respectively. 

* Post PCI FFR minus pre-PCI FFR.     

** Post PCI FFR minus pre-PCI FFR / (1 minus pre-PCI FFR).  

¶  Data available for 526 patients.   
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¶¶  Data available for 1,533 patients.    

§ Data available for 1,822 vessels. 

§§ Data available for 2,181 vessels. 

§§§ Data available for 1,503 vessels.  

§§§§ Data available for 1,481 vessels.  
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Figure 1. 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. The thick black line in the box plot represents the median value, the box limits the 25th and 75th percentile, and the vertical line the range of 

the values and C) functional gain (post-PCI FFR minus pre-PCI FFR) stratified per coronary artery. 
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Figure 2. Receiver-operating characteristic (ROC) curves of post-PCI FFR to predict target 

vessel failure in all vessels and stratified by LAD versus non-LAD. 
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Figure 3. Risk of target vessel failure according to post-PCI FFR value stratified by vessel.  

In the top panel, Kaplan-Meier curves for target vessel failure (TVF) in vessels with low FFR 

(black) and high (purple) post-PCI FFR. From left to right, comparisons of TVF in vessels with 

low vs. high post-PCI FFR, including all vessels, LAD, and non-LAD, are displayed. Post-PCI 

FFR cut-off were 0.83 and 0.93 for LAD and non-LAD, respectively. The lowest panel shows 

the distribution of post-PCI values and risk of TVF. The colors (red, blue and green) identify 

the tertiles of post-PCI FFR in all vessels, LAD, and non-LAD, respectively. The grey bars 

depict the distribution of events. The best fit line of the logistic regression analysis is shown 

with its confidence interval (yellow shade). 
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Figure 4. Target vessel revascularization, clinically-indicated target-vessel myocardial 

infarction and cardiac death in patients with high and low post-PCI FFR.  

Each row shows a component of target vessel failure (TVF); from top to bottom target vessel 

revascularisation, target vessel myocardial infarction and cardiac death. From left to right, all 

coronary vessels, only LAD and, in the right non-LAD. Patients with high post-PCI FFR are 

depicted by the purple line, whereas low post-PCI in represented by a black line in the survival 

curves. Low and high post-PCI FFR was defined using 0.830 and 0.93 cutoff for LAD and non-

LAD, respectively.  
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Figure 5. Predictive capacity of post-PCI FFR for cardiac death and myocardial infarction and survival stratified by high and low post-PCI FFR.  

The top panel shows the ROC curves for the ability of post-PCI FFR to predict cardiac death and myocardial infarction. The bottom panel shows the 

Kaplan-Meier curves stratified by high or low post-PCI FFR in all vessel, LAD and non-LAD.   
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Abstract: Assessing coronary physiology after stent implantation facilitates optimisation of 

percutaneous coronary intervention (PCI). Coronary artery disease (CAD) patterns can be 

characterised by the pullback pressure gradient (PPG) index. The impact of focal vs diffuse 

disease on the effectiveness of a physiology-guided incremental optimisation strategy (PIOS) 

is unknown. This is sub-study of the TARGET-FFR randomised clinical trial (NCT03259815). 

The study protocol directed that optimisation be attempted for patients in the PIOS arm when 

post-PCI FFR was < 0.90. 114 patients (n=61 PIOS and 53 controls) with both pre-PCI 

fractional flow reserve (FFR) pullbacks and post-PCI FFR were included. A PPG ≥ 0.74 

defined focal CAD. PPG was correlated significantly with post-PCI FFR (r = 0.43, 95% CI 

0.26 to 0.57, p-value < 0.001) and normalised delta FFR (r = 0.49, 95% CI 0.34 to 0.62, p-

value < 0.001). PIOS was more frequently applied to vessels with diffuse CAD (6% focal vs. 

42% diffuse, p-value = 0.006). In patients randomised to PIOS, those with focal disease 

achieved higher post-PCI FFR than patients with diffuse CAD (0.93 ± 0.05 vs 0.83 ± 0.07, 

p<0.001). There was a significant interaction between CAD patterns and the randomisation 

arm for post-PCI FFR (p-value for interaction = 0.004). Physiology-guided stent optimisation 

was applied more frequently to vessels with diffuse disease; however, patients with focal CAD 

at baseline achieved higher post-PCI FFR. 
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1. Introduction 

Optimisation of percutaneous coronary intervention (PCI) is advocated to reduce stent 

failure and improve patient outcomes1. After stent implantation, intravascular imaging can be 

used to optimise stent expansion, correct malapposition, and detect residual disease2,3. 

Fractional flow reserve (FFR) can also be used to optimise PCI by identifying physiologically 

sub-optimal results and guide additional intervention4,5. Performing additional interventions in 

segments of residual pressure losses translates into higher post-PCI FFR values, which may 

positively influence prognosis4,6,7. Recently, the TARGET-FFR (Trial of Angiography vs. 

Pressure-Ratio-Guided Enhancement Techniques-Fractional Flow Reserve) trial assessed the 

efficacy of a routine post-PCI physiology-guided incremental optimisation strategy (PIOS) in 

achieving optimal post-PCI FFR results (FFR ≥ 0.90). Patients randomised to the PIOS arm 

with post-PCI FFR < 0.90 were treated according to a pre-specified protocol based on the 

findings of the post-PCI FFR pullback (Figure S1). Whilst PIOS improved post-PCI FFR and 

reduced the proportion of patients with a post-PCI FFR ≤ 0.80, there was no significant 

difference between groups in the proportion of patients achieving an optimal post FFR value 

of ≥ 0.905. The pullback pressure gradient (PPG) is a new metric derived from FFR pullbacks 

that can differentiate focal from diffuse coronary artery disease (CAD)8. Although CAD 

patterns impact post-PCI physiology, their influence on the efficacy of PCI optimisation is 

unknown. Thus, we sought to investigate the impact of baseline CAD patterns, defined by the 

PPG, on the effectiveness of physiology-guided PCI optimisation in the TARGET-FFR trial. 

2. Materials and Methods 

2.1. Study population 

This study is a post hoc analysis of the TARGET-FFR study. Briefly, TARGET-FFR 

was a prospective, single-centre, randomized, controlled, parallel-group, blinded clinical trial 

conducted at the Golden Jubilee National Hospital in Glasgow, UK5. The study is registered at 

ClinicalTrials.gov identifier NCT03259815. Patients undergoing PCI for either stable angina, 

medically-stabilised non-ST-segment elevation myocardial infarction (NSTEMI), or staged 

completion of non-culprit vessel revascularization following either NSTEMI or ST-segment 

elevation myocardial infarction (STEMI) were eligible for inclusion. A list of the inclusion and 

exclusion criteria is provided in Table S1. All patients signed informed consent before any 

study procedure. Patients were randomised to either PIOS or control group5. For the present 

analysis, patients with both pre-PCI FFR pullbacks and post-PCI FFR were considered for 
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inclusion. Coronary physiology data were analysed by a core laboratory (CoreAalst BV, Aalst, 

Belgium).  

2.2. Procedures 

The details of the coronary physiology measurements and PCI have been described 

previously.5 FFR measurements were performed using the PressureWire X Guidewire (Abbott 

Laboratories, IL, USA). Following administration of a 200 ug bolus of intracoronary nitrate, 

the pressure wire sensor was positioned at the tip of the guide catheter and equalised with the 

aortic pressure. The pressure wire was then advanced to position the sensor in the distal third 

of the vessel. Hyperaemia was induced by infusion of adenosine into an antecubital vein at a 

rate of 140 ug/kg/min9. Pre-PCI FFR pullbacks were performed manually, their use and 

interpretation were left to the operator’s discretion. After angiographically successful PCI, 

patients were randomised 1:1 to either the PIOS or control groups. In patients randomised to 

the PIOS group with post-PCI FFR <0.90, operators planned additional interventions based on 

the findings of the post-PCI FFR pullback according to the incremental optimisation protocol 

(Figure S1). Following these additional optimisation measures, FFR was re-assessed, and the 

procedure was completed. In the control group, post-PCI FFR and pullback information were 

acquired but concealed from the operator. The use of adjunctive intravascular imaging was left 

to the operator’s discretion.  

2.3. Characterisation of CAD Patterns 

The PPG index was calculated off line from the manual pre-PCI FFR pullbacks. Details 

of the PPG calculation have been described in detail elsewhere8. In brief, the PPG combines 

two parameters extracted from FFR pullback curves 1) the maximal pressure gradient over 

20% of the pullback duration, and 2) the length of functional disease computed using a FFR 

threshold per unit of time. PPG values close to 1 represent focal disease and values close to 0 

characterise diffuse CAD. The PPG was calculated using a commercially available console 

(Coroflow v3.5, Coroventis Research AP, Uppsala, Sweden). Pressure tracings with 

ventricularisation, absence of a dicrotic notch, drift of more than 0.05 FFR units, unstable 

hyperaemic conditions during the pullback manoeuvre, pullback duration less than 15 seconds, 

and pullback curves with major artifacts were excluded. Delta FFR was normalised by pre-PCI 

FFR ([final post-PCI FFR minus pre-PCI FFR divided by one minus pre-PCI FFR] by a factor 

of one hundred). Post-PCI FFR pullbacks were also quantitatively analysed to determine the 

magnitude of residual focal pressure gradients. The residual PPG was defined as the maximal 

pressure gradient, in absolute FFR units, over 20% of the duration of the pullback curve (i.e., 
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the first component of the PPG equation). To assesses the outcomes of PIOS stratified by CAD 

patterns, the population was divided into tertiles according to the baseline PPG distribution, 

and the highest tertile considered as focal disease, whereas the intermediate and low tertiles, 

comprising patients with both mixed (focal and diffuse) and diffuse CAD, were considered as 

diffuse disease10. The objective of the present analysis was to investigate the effect of PPG-

defined focal vs diffuse disease on the efficacy of PIOS in improving post-PCI FFR.   

2.4. Statistical Analysis 

Data are expressed as mean ± SD and median [interquartile range] for normally and 

non-normally distributed data, respectively. Categorical variables are expressed as frequencies 

and percentages (%). Continuous variables were compared using the Student’s t-test (or Mann–

Whitney tests as appropriate), and categorical variables were compared using the Chi-square 

(or Fisher’s exact test as appropriate). Differences across the groups were compared with the 

Kruskal-Wallis H test. Predictors of the post-PCI FFR value were assessed using univariate 

and multivariate regression analyses. The variables included in the multivariate analysis were 

selected based on their known association with final post-PCI FFR11,12. A formal interaction 

testing was performed between the randomization arm (PIOS or controls) and PPG for the 

outcome of post-PCI FFR. Receiver operating characteristic (ROC) curve analyses were used 

to assess the capacity of residual PPG for predicting final post-PCI FFR ≥ 0.90. All analyses 

were performed in the intention-to-treat population in patients with pre-PCI FFR pullbacks 

suitable for PPG calculation. A 2-sided p-value of 0.05 or less was considered statistically 

significant. All statistical analyses were performed with R statistical software (R Foundation 

for Statistical Computing, Vienna, Austria). 

3. Results 

3.1. Study Population  

Between February 2018 and November 2019, 260 patients were randomized. Of these, 

192 patients had pre-PCI FFR pullbacks (PIOS n=98 and control n=94). Finally, 114 patients 

(61 patients in the PIOS group and 53 patients in the control group) with pullbacks of sufficient 

quality for PPG calculation were included in the analysis. The study flowchart is shown in 

Figure S2. 

3.2. Baseline Characteristics  

Baseline clinical, procedural, and functional characteristics stratified by the 

randomization arms are shown in Table 1. The mean age was 59.8 ± 8.1 years, 85.1% were 

male, and the LAD was the most frequently treated vessel in 63.2%. There were no significant 
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differences in clinical, procedural, or functional baseline characteristics between PIOS and 

controls. Overall, the mean FFR increased after PCI from 0.62 ± 0.14 to 0.85 ± 0.07 (p < 0.001). 

There was no difference in the final post-PCI FFR between PIOS and controls (0.86 ± 0.08 vs. 

0.85 ± 0.07, p-value = 0.27). 

3.3. Baseline CAD patterns and final post-PCI FFR  

The mean PPG value was 0.65 ± 0.14, and focal disease was defined as PPG ≥ 0.74 

(highest tertile). The PPG was moderately correlated with normalised delta FFR and final post-

PCI FFR (Figure 1). Patients with focal disease achieved significantly larger changes in FFR 

after PCI leading to higher final post-PCI FFR than patients with diffuse CAD (normalised 

delta FFR 72.0 ± 20.3% in focal vs 52.5 ± 19.2% in diffuse, p<0.001). In addition, patients 

with focal CAD achieved higher post-PCI CFR (Table S2). The proportion of patients 

achieving optimal final post PCI FFR ≥ 0.90 was significantly higher in focal disease (52.6% 

vs. 15.8%, p-value < 0.001). In the multivariate analysis, pre-PCI FFR and PPG were 

independently associated with final post-PCI FFR (Table S3).  

3.4. Stent optimisation in focal and diffuse disease 

Post-PCI physiological results stratified by CAD patterns and randomisation arm are 

shown in Table 2. Immediately after stenting, patients with focal CAD had higher post-PCI 

FFR compared to diffuse disease (0.93 ± 0.05 focal PIOS vs. 0.83 ± 0.07 diffuse PIOS vs. 0.87 

± 0.07 focal controls vs. 0.83 ± 0.07 diffuse controls). In the PIOS arm, optimisation was 

applied more frequently to vessels with diffuse CAD (6% (1/18) vs. 42% (18/43), p-value = 

0.006). In the 18 patients with diffuse CAD in the PIOS group who received additional 

optimisation, PIOS, FFR improved from 0.76 ± 0.09 to 0.83 ± 0.05, p-value < 0.01 (Figures 2 

and Table S4). However, when comparing post-PCI FFR values between patients with diffuse 

disease, PIOS did not result in higher post-PCI FFR compared to controls (0.83± 0.07 PIOS 

vs. 0.83±0.07 control, p-value = 0.90, Figure S3). In contrast, patients with focal CAD 

achieved higher post-PCI FFR, and those with focal CAD randomized to PIOS achieved 

significantly higher final post-PCI FFR (0.93±0.05 focal PIOS vs 0.83±0.07 diffuse PIOS vs 

0.87±0.07 focal controls vs 0.83±0.07 diffuse controls; p-value<0.001, Figure S3). Moreover, 

there was a significant interaction between PPG and the randomization arm for post-PCI FFR 

(p-value for interaction = 0.004; Figure 3). The proportion of patients achieving post-PCI FFR 

≥ 0.90 stratified by CAD patterns and randomization arm is shown in Figure S4.  

3.5. Residual PPG and final post-PCI FFR  
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The mean residual diameter stenosis was 15.0 ± 8.8% and there was no difference 

between focal and diffuse CAD (16.0 ± 9.9% focal vs. 14.5 ± 8.2% diffuse, p-value = 0.41) or 

between PIOS and controls (14.5 ± 9.2% PIOS vs. 15.6 ± 8.4% control, p-value = 0.50). The 

mean residual PPG derived from post-PCI FFR pullbacks was 0.07 ± 0.04. Residual PPG 

strongly conditioned final post-PCI FFR (R2 = 0.64, 95% CI 0.50 to 0.74, P <0.001; Figure 

4A). Residual PPG was not significantly different between patients randomised to PIOS versus 

controls (0.06 ± 0.04 PIOS vs. 0.07 ± 0.04 controls, p-value = 0.06). However, patients with 

focal CAD randomised to PIOS had the lowest residual PPG (0.04 ± 0.02 focal PIOS vs. 0.07 

± 0.04 focal control, 0.07 ± 0.04 diffuse PIOS vs. 0.08 ± 0.04 diffuse control, ANOVA p-value 

= 0.008, Figure 4B). Residual PPG predicted final post-PCI FFR ≥ 0.90 with an AUC of 0.93 

(95% CI: 0.87–0.99, p < 0.001, Figure 4C).  

3.6. Clinical outcomes 

At a median follow-up of 2 years, only one target vessel failure (TVF) occurred. This 

patient, randomised to PIOS with focal disease, suffered a presumed cardiac death 17 months 

after the procedure. There were no differences in TVF between PIOS and controls or between 

patients with focal or diffuse CAD.  

4. Discussion 

The main findings of the present study can be summarized as follows: 1) CAD patterns, 

defined by the PPG index, correlated with post-PCI FFR and delta FFR. Patients with focal 

disease achieved higher post-PCI FFR compared to those with diffuse CAD; 2) Physiology-

guided PCI optimisation was more frequently applied to patients with diffuse CAD (as the 

incidence of post-PCI FFR < 0.90 was higher). However, despite higher use of optimisation, 

final FFR values in patients with diffuse disease did not differ between PIOS and controls; 3) 

There was a significant interaction between the PPG and the randomization arm for post-PCI 

FFR; patients with focal disease randomized to PIOS achieved the highest post-PCI FFR and 

4) post-PCI FFR was largely determined by focal residual pressure gradients, the residual PPG 

index, which was significantly lower in patients with focal disease randomised to stent 

optimisation.  

The PPG is the first quantitative metric to differentiate focal from diffuse disease. In line with 

previous publications, the PPG correlated with post-PCI and delta FFR13. Patients with high 

PPG (focal disease) achieved significantly higher post-PCI FFR and delta FFR. We 

demonstrated that improvement in coronary blood flow with PCI partially depends on the 

baseline pattern of disease. The higher post-PCI FFR in focal disease was observed 
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independent of the application of physiology-guided stent optimisation. In contrast, in diffuse 

disease, additional optimisation had limited value in terms of post-PCI FFR and in this group 

the final FFR was similar between patients randomized to PIOS and controls. The advent of 

PPG, a reproducible metric for quantifying the physiological pattern of CAD, will facilitate the 

study of treatment options stratified by disease patterns. 

TARGET-FFR was the first randomized trial assessing the feasibility of routine post-

PCI FFR-guided optimisation strategy14. As shown in this study, physiologic outcomes after 

PCI are influenced by the baseline CAD pattern. By design, TARGET-FFR applied of 

physiology guided stent optimisation to patients with predominantly diffuse disease because 

these additional manoeuvres were triggered by low post-PCI FFR, a proxy of diffuse disease. 

In addition, the high proportion of vessels with diffuse CAD in the study limited the efficacy 

of PIOS in improving the post-PCI FFR. Likewise, the mechanism leading to higher post-PCI 

FFR in patients with focal CAD randomized to PIOS is likely unrelated to the application of 

optimisation manoeuvres since only one patient with focal CAD in the PIOS group received 

an additional intervention. Nonetheless, it can be hypothesised that patients with focal disease 

pre-PCI and a suboptimal functional result after stenting might have additional targets for 

optimisation (e.g., unmasked focal pressure gradients either arising from the untreated 

segments) may lead to improved post-PCI physiology. The hypothesis that functionally- 

guided PCI optimisation is more effective in focal vs diffuse disease requires further 

investigation.    

There are mainly three mechanisms leading to unsatisfactory PCI results. First, the 

presence of residual pressure gradients within the stented segment, mainly associated with stent 

under-expansion or issues at the stent edges15,16. Second, focal pressure gradients distal or 

proximal to the treated segment; and third, diffuse residual disease. The first two can potentially 

be addressed by additional post-dilation or PCI with a resultant improvement in intracoronary 

haemodynamics. In this study, half of the cases were optimised with additional in stent post-

dilation and half underwent an additional PCI. Nonetheless, in the setting of diffuse disease 

optimisation manoeuvres will result in minor coronary physiology improvement as shown in 

this cohort by the little increase in FFR from 0.80±0.09 immediately after stenting to 0.83±0.07 

after optimisation. In this work, we also introduced residual PPG as a metric to quantify 

residual pressure gradients. Distinctive from the original study protocol, where residual focal 

pressure gradients were assessed visually, the residual PPG provides an automatic 

quantification of residual focal gradients after stenting. This new approach leverages on the 
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original PPG formula adapted to the post-PCI setting to quantify focal pressure drops in 

absolute FFR units. As anticipated, residual PPG was strongly associated with post-PCI FFR 

with an AUC of 0.93 (95% CI: 0.87–0.99). Interestingly, residual PPG was significantly lower 

in patients with focal CAD assigned to PIOS highlighting the influence of the baseline pattern 

of disease and potentially the value of optimisation in the magnitude of residual focal gradients 

after PCI. The clinical relevance of focal residual trans-lesional gradients using angiography-

derived FFR software in the post-PCI phase has previously been suggested by one study17. 

Nonetheless, further studies are required to better understand the clinical implications of 

residual PPG better. The importance of this study is identifying which patients benefit from 

additional physiology-guided optimization. Patients randomized to PIOS with focal CAD 

patterns achieved greater improvement in post-PCI FFR when compared to patients with 

diffuse CAD. Therefore, CAD pattern by PPG before stenting identifies patients likely to 

achieve high post-PCI FFR. 

This study has several limitations. First, pre-PCI FFR pullbacks were only performed 

in 74% (192/260) of cases, of which 59.3% (114/192) were deemed suitable for PPG 

calculation. However, this attrition of the sample size was equally distributed between the two 

arms, and the benefit of randomisation in terms of baseline risk distribution was preserved. 

Second, the study was not powered to assess clinical outcomes; the primary objective was post-

PCI FFR, a surrogate endpoint of adverse events after PCI. Third, the PPG and residual PPG 

were calculated off-line, limiting the evaluation of the clinical utility of these metrics. 

Nonetheless, quantification of pullback data has the potential to standardise diagnosis and 

treatment pathways accounting for CAD patterns and residual disease. Further studies are 

required to better understand the pattern of CAD assessed by non-invasively assessment 

through coronary blood flow models18-20. Finally, this is a post hoc analysis of randomized 

clinical trials and all the findings presented in this study should be interpreted as hypothesis 

generating.  

5. Conclusions 

Baseline coronary artery disease patterns influence FFR after PCI. Patients with diffuse 

disease (low PPG) achieve lower post-PCI FFR compared to those with focal CAD. 

Physiology-guided stent optimisation was applied more frequently to vessels with diffuse 

disease; however, patients with focal CAD at baseline achieved higher post-PCI FFR. 

Characterising coronary artery disease patterns with the PPG before stenting identifies patients 

likely to achieve high post-PCI FFR.  
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Table 1. Baseline characteristics 

Variables All PIOS Control p-value 

N 114 61 53  

Clinical characteristics     

Gender (male), n (%) 97 (85.1) 53 (86.9) 44 (83.0) 0.75 

Age (years), mean ± SD 59.8±8.1 59.3±8.0 60.4±8.2 0.45 

BMI, mean ± SD 29.7±4.7 29.4±4.3 30.1±5.2 0.46 

Family history, n (%) 75 (65.8) 40 (65.6) 35 (66.0) 1.00 

Smoking, n (%) 80 (70.2) 44 (72.1) 36 (67.9) 0.78 

Hypertension, n (%) 50 (43.9) 29 (47.5) 21 (39.6) 0.51 

Dyslipidaemia, n (%) 65 (57.0) 33 (54.1) 32 (60.4) 0.63 

Diabetes mellitus, n (%) 23 (20.2) 10 (16.4) 13 (24.5) 0.40 

History of stroke, n (%) 7 (6.1) 5 (8.2) 2 (3.8) 0.56 

Chronic kidney disease, n (%) 3 (2.6) 2 (3.3) 1 (1.9) 1.00 

Prior PCI, n (%) 51 (44.7) 31 (50.8) 20 (37.7) 0.23 

Prior MI, n (%) 50 (43.9) 29 (47.5) 21 (39.6) 0.51 

Prior CABG, n (%) 0 0 0 NA 

Symptomatic angina, n (%) 95 (69.2) 53 (86.9) 42 (79.2) 0.95 

CCS I 21 (22.1) 12 (22.6) 9 (21.4)  

CCS II 48 (50.5) 26 (49.1) 22 (52.4)  

CCS III 26 (27.4) 15 (28.3) 11 (26.2)  

CCS IV 0 (0) 0 (0) 0 (0)  

Clinical presentation, n (%)    0.22 

 Stable angina 29 (25.4) 13 (21.3) 16 (30.2)  

 ACS - NSTEMI 44 (38.6) 21 (34.4) 23 (43.4)  

 ACS - Unstable Angina 1 (0.9) 1 (1.6) 0 (0.0)  

 Staged PCI 40 (35.1) 26 (42.6) 14 (26.4)  

Procedural characteristics     

Vessel, n (%)    0.99 

 LAD 72 (63.2) 38 (62.3) 34 (64.2)  

 Non-LAD 42 (36.8) 23 (37.7) 19 (35.8)  

QCA diameter stenosis (%), mean 61.0 60.9 61.2 0.92 

QCA lesion length (mm), median [IQR] 10.8 [7.96, 13.2] 10.7 [8.34, 13.6] 10.9 [6.93, 13.0] 0.73 

Intravascular imaging, n (%) 22 (19.3) 10 (16.4) 12 (22.6) 0.55 

        IVUS, n (%) 19 (86.4) 10 (100) 9 (77.4)  

        OCT, n (%) 3 (13.6) 0 (0.0) 3 (23.1)  
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Categorical variables are expressed as number and percentage. Continuous variables are 

indicated as median (interquartile range). BMI, body mass index; CABG, coronary artery 

bypass graft; CCS, Canadian cardiovascular society; CFR, coronary flow reserve; FFR, 

fractional flow reserve; IMR, index of microvascular resistance; IVUS, intravascular 

ultrasound; LAD, left anterior descending artery; LCX, left circumflex artery; Pa, aortic 

pressure; PCI, percutaneous coronary intervention; Pd, distal coronary pressure; PDA, 

posterior descending artery; PLA, posterior lateral artery; PPG, pullback pressure gradient MI, 

myocardial infarction; NSTE-ACS,  non-ST elevation acute coronary syndrome;  RCA, right 

coronary artery; QCA, quantitative coronary angiography; OCT, optical coherence 

tomography. Normalised delta FFR was normalised by pre-PCI FFR ([final post-PCI FFR 

minus pre-PCI FFR divided by one minus pre-PCI FFR] by a factor of one hundred). Pre-PCI 

Pd/Pa*: N=110 (PIOS =60, Control=50); Pre-PCI CFR*: N=107 (PIOS =58, Control=49); Pre-

PCI IMR*: N=104 (PIOS =56, Control=48); Pre-PCI FFR*: N=111 (PIOS =61, Control=50); 

Final post-PCI FFR*: N=114 (PIOS 61, Control 53); Normalised delta FFR*: N=111 (PIOS 

=61, Control=50); Residual PPG*: N=94 (PIOS =52, Control=42) 

Stent diameter (mm), median [IQR] 3.00 [3.0, 3.5] 3.00 [3.0, 3.5] 3.00 [3.0, 3.5] 0.45 

Stent length (mm), median [IQR] 32.0 [23.0, 38.0] 32.0 [23.0, 38.0] 28.0 [23.0, 38.0] 0.76 

Number of stents per patients, median 

[IQR] 
1.00 [1.00, 2.00] 1.00 [1.00, 2.00] 1.00 [1.00, 2.00] 0.97 

Total stent length (mm), median [IQR] 38.0 [25.0, 50.8] 33.0 [28.0, 52.0] 38.0 [24.0, 50.0] 0.76 

Physiological characteristics     

Pre-PCI Pd/Pa*, median [IQR] 0.85 [0.75, 0.90] 0.86 [0.81, 0.91] 0.83 [0.72, 0.89] 0.11 

Pre-PCI CFR*, median [IQR] 2.03 [1.47, 2.61] 2.11 [1.49, 2.60] 1.99 [1.31, 2.60] 0.43 

Pre-PCI IMR*, median [IQR] 22.9 [16.6, 31.8] 24.0 [18.0, 33.5] 21.7 [16.0, 31.3] 0.31 

Pre-PCI FFR*, median [IQR] 0.62±0.14 0.65±0.12 0.58±0.15 0.04 

Final post PCI FFR*, mean ± SD 0.85±0.07 0.86±0.08 0.85±0.07 0.27 

Normalised delta FFR*  59.2±21.6 59.4±20.8 58.9±22.7 0.91 

Final post-PCI FFR ≤0.80 (%), n (%) 27 (23.7) 13 (21.3) 14 (26.4) 0.68 

Final post-PCI FFR ≥0.80 (%), n (%) 88 (77.2) 48 (78.7) 40 (75.5) 0.85 

Final post-PCI FFR ≥0.90 (%), n (%) 32 (28.1) 22 (36.1) 10 (18.9) 0.07 

PPG, median [IQR]  0.66 [0.55, 0.78] 0.64 [0.56, 0.79] 0.68 [0.54, 0.79] 0.65 

Residual PPG* 0.07±0.04 0.06±0.04  0.07±0.04 0.06 
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Table 2. Comparison of functional characteristics between randomized groups stratified PPG 

Variables 
PIOS Controls p-

value***  Focal CAD  Diffuse CAD p-value* Focal CAD  Diffuse CAD p-value** 

Number, (%) 18 (29.5) 43 (70.5)  20 (37.7) 33 (62.3)   

Vessel (%)   <0.001   <0.001 <0.001 

 LAD, n (%) 2 (11.1) 36 (83.7) 

 

6 (30.0) 28 (84.8) 

   LCx, n (%) 10 (55.6) 2 (4.7) 3 (15.0) 2 (6.1) 

 RCA, n (%) 7 (33.3) 3 (11.6) 11 (55.0) 3 (9.1) 

Baseline coronary physiology         

Pd/Pa, median [IQR] 0.93 [0.83, 0.95] 0.85 [0.81, 0.88] 0.01 0.76 [0.69, 0.91] 0.85 [0.76, 0.89] 0.77 0.048 

CFR, median [IQR] 2.00 [1.78, 2.21] 2.25 [1.42, 2.69] 0.33 1.71 [1.21, 2.012 2.24 [1.66 2.71] 0.07 0.19 

IMR, median [IQR] 25.1 [19.9, 37.5] 23.9 [17.8, 32.0] 0.55 24.1 [18.6, 31.8] 20.8 [15.8, 28.5] 0.42 0.59 

FFR, mean ± SD 0.69±0.13 0.63±0.11 0.048 0.55±0.15 0.61±0.15 0.17 0.02 

PPG, median [IQR] 0.81 [0.78, 0.82] 0.58 [0.53, 0.66] <0.001 0.81 [0.78, 0.82] 0.59 [0.48, 0.66] <0.001 <0.001 

Immediately after stenting        

Stent post-dilatation, n (%) 18 (100.0) 43 (100.0) 1 18 (90.5) 33 (100.0) 0.27 0.02 

Intravascular imaging, n (%) 1 (5.6) 9 (20.9) 0.26 0 (0) 12 (36.4) 0.006 0.004 

Pd/Pa, median [IQR] 0.98 [0.97, 1.01] 0.90 [0.88, 0.92] <0.001 0.98 [0.93, 1.00] 0.92 [0.89, 0.94] 0.001 <0.001 

CFR, median [IQR] 4.44 [2.39, 5.81] 2.71 [1.97, 4.00] 0.01 3.28 [2.44, 5.41] 2.74 [2.41, 4.13] 0.25 0.04 

IMR, median [IQR] 16.1 [13.2, 23.1] 18.9 [13.1, 26.3] 0.31 13.1 [10.7, 19.5] 17.3 [13.1, 22.7] 0.06 0.07 

FFR, mean ± SD 0.93±0.05 0.80±0.09 <0.001 0.87±0.07 0.83±0.07 0.09 <0.001 

1st PIOS treatments        

1st PIOS treatments performed, n (%) 1 (5.6) 18 (41.9) 0.006 - -  - 

Additional stent post-dilatation, n (%) 1 (5.6) 11 (25.6) 0.09 - -  - 

Additional lesion treated PCI, n (%) 0 (0) 8 (18.6) 0.09 - -  - 

Additional intravascular imagings, n (%) 0 (0.0) 1 (2.3) 1 - -  - 

Pd/Pa, median [IQR] 0.98 [0.97, 1.01] 0.90 [0.89, 0.93] <0.001    - 



               

 

 

129 

CFR, median [IQR] 4.44 [2.59, 5.81] 3.46 [2.01, 4.14] 0.07 - -  - 

IMR, median [IQR] 16.1 [13.2, 18.7] 17.1 [13.1, 25.2] 0.52    - 

FFR, mean ± SD 0.93±0.05 0.83±0.07 <0.001 - -  - 

2nd PIOS treatments        

2nd PIOS treatments performed, n (%) 0 (0) 2 (4.7) 1 - -  - 

Additional stent post-dilatation, n (%) 0 (0) 2 (4.7) 1 - -  - 

Additional lesion treated, n (%) 0 (0) 2 (4.7) 1 - -  - 

Additional intravascular imaging, n (%) 0 (0) 2 (4.7) 1 - -  - 

Pd/Pa, median [IQR] 0.98 [0.97, 1.01] 0.91 [0.90, 0.93] <0.001 - -  - 

CFR, median [IQR] 4.44 [2.59, 5.81] 3.23 [2.01, 4.11] 0.051 - -  - 

IMR, median [IQR] 16.1 [13.2, 18.7] 17.6 [13.1, 25.2] 0.49 - -  - 

FFR, mean ± SD 0.93±0.05 0.83±0.07 <0.001 - -  - 

Final coronary physiology        

Number of stents per patients, median [IQR] 1.00 [1.00, 1.00] 1.00 [1.00, 2.00] 0.14 1.00 [1.00, 2.00] 1.00 [1.00, 2.00] 0.28 0.34 

Total stent length (mm), median [IQR] 32.0 [25.0, 36.8] 38.0 [28.0, 56.0] 0.12 38.0 [30.3, 48.0] 38.0 [24.0, 56.0] 0.93 0.47 

Pd/Pa, median [IQR] 0.98 [0.97, 1.01] 0.91 [0.90, 0.93] <0.001 0.98 [0.93, 1.00] 0.92 [0.89, 0.94] 0.001 <0.001 

CFR, median [IQR] 4.44 [2.59, 6.14] 3.23 [2.01, 4.11] 0.051 3.28 [2.44, 5.41] 2.74 [2.41, 4.13] 0.25 0.18 

IMR, median [IQR] 16.1 [13.2, 18.7] 17.6 [13.01 25.2] 0.53 13.1 [10.7, 19.5] 17.3 [13.1, 22.7] 0.07 0.17 

FFR, mean ± SD 0.93±0.05 0.83±0.07 <0.001 0.87±0.07 0.83±0.07 0.057 <0.001 

Delta Pd/Pa, median [IQR] 0.06 [0.04, 0.15] 0.06 [0.03, 0.10] 0.82 0.20 [0.07, 0.28] 0.06 [0.04, 0.19] 0.079 0.09 

Delta CFR, median [IQR] 2.36 [0.79, 3.18] 0.63 [-0.05, 1.92] 0.01 1.60 [0.78, 2.90] 1.04 [0.20, 1.97] 0.11 0.03 

Delta IMR, median [IQR] -8.23 [-13.2, -3.09] -3.55 [-9.98, -0.28] 0.19 -11.3 [-15.1, -5.67] -3.13 [-9.71, 1.26] 0.04 0.10 

Normalised delta FFR (%), mean ± SD 76.5±15.5 52.2±18.5 <0.001 67.8±23.5 53.0±20.5 0.02 <0.001 

FFR ≥ 0.90 (%), n (%) 14 (77.8) 8 (18.6) <0.001 6 (30.0) 4 (12.1) 0.21 <0.001 

FFR ≥ 0.80 (%), n (%) 0 (0.0) 13 (30.2) 0.02 5 (25.0) 9 (27.3) 0.79 0.07 

Residual PPG 0.04±0.02 0.07±0.04 0.004 0.07±0.04 0.08±0.04 0.44 0.008 
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CFR, coronary flow reserve; FFR, fractional flow reserve; IMR, index of microvascular resistance; Pa, aortic pressure; Pd, distal coronary pressure; 

PPG, pullback pressure gradient. Normalised delta FFR was normalised by pre-PCI FFR ([final post-PCI FFR minus pre-PCI FFR divided by one 

minus pre-PCI FFR] by a factor of one hundred. Pre-PCI Pd/Pa*: N=110 (PIOS/Focal=18, PIOS/Diffuse=42, Control/Focal=20, 

Control/Diffuse=30); Pre-PCI CFR: N=107 (PIOS/Focal=17, PIOS/Diffuse=41, Control/Focal=18, Control/Diffuse=31); Pre-PCI IMR: N=104 

(PIOS/Focal=18, PIOS/Diffuse=38, Control/Focal=16, Control/Diffuse=32) ; Pre-PCI FFR: N=111 (PIOS/Focal=18, PIOS/Diffuse=43, 

Control/Focal=20, Control/Diffuse=30) ; Immediately after stenting Pd/Pa: N=113 (PIOS/Focal=18, PIOS/Diffuse=42, Control/Focal=20, 

Control/Diffuse=33); Immediately after stenting CFR: N=112 (PIOS/Focal=18, PIOS/Diffuse=43, Control/Focal=20, Control/Diffuse=31); 

Immediately after stenting IMR: N=112 (PIOS/Focal=18, PIOS/Diffuse=43, Control/Focal=20, Control/Diffuse=31); Immediately after stenting 

FFR: N=113 (PIOS/Focal=18, PIOS/Diffuse=42, Control/Focal=20, Control/Diffuse=33); After 1st PIOS Pd/Pa: N=114 (PIOS/Focal=18, 

PIOS/Diffuse=43, Control/Focal=20, Control/Diffuse=33); After 1st PIOS CFR: N=109 (PIOS/Focal=18, PIOS/Diffuse=40, Control/Focal=20, 

Control/Diffuse=31); After 1st PIOS IMR: N=109 (PIOS/Focal=18, PIOS/Diffuse=40, Control/Focal=20, Control/Diffuse=31); After 1st PIOS FFR: 

N=114 (PIOS/Focal=18, PIOS/Diffuse=43, Control/Focal=20, Control/Diffuse=33); After 2nd PIOS Pd/Pa: N=114 (PIOS/Focal=18, 

PIOS/Diffuse=43, Control/Focal=20, Control/Diffuse=33); After 2nd PIOS CFR: N=109 (PIOS/Focal=18, PIOS/Diffuse=40, Control/Focal=20, 

Control/Diffuse=31); After 2nd PIOS IMR: N=109 (PIOS/Focal=18, PIOS/Diffuse=40, Control/Focal=20, Control/Diffuse=31); After 2nd PIOS 

FFR: N=114 (PIOS/Focal=18, PIOS/Diffuse=43, Control/Focal=20, Control/Diffuse=33); Final post-PCI Pd/Pa: N=114 (PIOS/Focal=18, 

PIOS/Diffuse=43, Control/Focal=20, Control/Diffuse=33); Final post-PCI CFR: N=109 (PIOS/Focal=18, PIOS/Diffuse=40, Control/Focal=20, 

Control/Diffuse=31); Final post-PCI IMR: N=109 (PIOS/Focal=18, PIOS/Diffuse=40, Control/Focal=20, Control/Diffuse=31); Final Post-PCI FFR: 

N=114 (PIOS/Focal=18, PIOS/Diffuse=43, Control/Focal=20, Control/Diffuse=33); Delta PdPa: N=110 (PIOS/Focal=18, PIOS/Diffuse=42, 

Control/Focal=20, Control/Diffuse=30); Delta CFR: N=103 (PIOS/Focal=17, PIOS/Diffuse=39, Control/Focal=18, Control/Diffuse=29); Delta 

IMR: N=103 (PIOS/Focal=17, PIOS/Diffuse=39, Control/Focal=18, Control/Diffuse=29); Normalised delta FFR: N=111 (PIOS/Focal=18, 
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PIOS/Diffuse=43, Control/Focal=20, Control/Diffuse=30) ; Residual PPG N=94 (PIOS/Focal=16, PIOS/Diffuse=36, Control/Focal=14, 

Control/Diffuse=28). *Focal CAD vs. Diffuse CAD among PIOS group. **Focal CAD vs. Diffuse CAD among the Controls group. ***Focal CAD 

PIOS vs. Diffuse CAD PIOS vs. Focal CAD Controls vs. Diffuse CAD Controls group. 
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Figure 1. Correlation between pullback pressure gradient (PPG) and final post-PCI fractional 

frow reserve (FFR) and normalised delta FFR 
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Figure 2. Use of physiology-guided optimisation stratified by focal and diffuse coronary artery 

disease. 

Panel A shows the frequency of additional optimisation in overall population in the PIOS arm 

(gray colour). Panel B shows the frequency of additional optimisation in focal CAD and panel 

C shows the frequency of additional optimisation in diffuse CAD. CAD = coronary artery 

disease; PIOS = physiology-guided incremental optimisation strategy. *Comparison frequency 

of additional optimisation between focal and diffuse CAD. 
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Figure 3. Interaction between pullback pressure gradient (PPG) and randomization arms.  

Interaction between PPG and randomization arms for final post-PCI FFR. The blue dots and 

line represent patients in the PIOS arm and the red dots and line represent the control arm. 

There was a significant interaction between randomization groups. FFR = fractional flow 

reserve; PCI = pecutaneous coronary intervention; PIOS = physiology-guided incremental 

optimisation strategy; PPG = pullback pressure gradient 

 

  



               

 

 

135 

Figure 4. Residual pullback pressure gradient (PPG) and post-PCI fractional flow reserve 

(FFR). 

Panel A shows the relationship between the residual PPG (x-axis) and final post-PCI FFR (y-

axis). Residual PPG had significant correlation with final post-PCI FFR. Panel B demonstrates 

differences in residual FFR between the focal PIOS, diffuse PIOS, focal control, and diffuse 

control groups. *Focal CAD PIOS vs. Diffuse CAD PIOS vs. Focal CAD Controls vs. Diffuse 

CAD Controls group. Panel C shows ROC curve analysis for the capacity of Residual PPG for 

predicting final post-PCI FFR ≥ 0.90 AUC = area under curve; CAD = coronary artery disease; 

FFR = fractional flow reserve; PIOS = physiology-guided incremental optimisation strategy; 

PPG = pullback pressure gradient; ROC = receiver operating characteristic 
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Abstract 

Background: The interplay between coronary hemodynamics and plaque characteristics 

remains poorly understood.  

Objectives: We aimed to compare atherosclerotic plaque phenotypes between focal and diffuse 

coronary artery disease (CAD) defined by coronary hemodynamics.  

Methods: This was a multicenter, prospective, single-arm study conducted in five countries 

(NCT03782688). Patients with functionally significant lesions based on an invasive fractional 

flow reserve (FFR) ≤0.80 were included. Plaque analysis was performed using computed 

tomography angiography (CCTA) and optical coherence tomography (OCT). CAD patterns 

were assessed using motorized FFR pullbacks and quantified by pullback pressure gradients 

(PPG). Focal and diffuse CAD was defined according to the median PPG value. 

Results: A total of 117 patients (120 vessels) were included. The median PPG was 0.66 [0.54, 

0.75]. By CCTA analysis, plaque burden was higher in patients with focal CAD (87±8% focal 

versus 82±10% diffuse, p=0.003). Calcifications were significantly more prevalent in patients 

with diffuse CAD (Agatston score per vessel 51 [11, 204] focal versus 158 [52, 341] diffuse, 

p=0.024). By OCT analysis, patients with focal CAD had a significantly higher prevalence of 

circumferential lipid-rich plaque (37% focal versus 4% diffuse, p=0.001) and thin-cap 

fibroatheroma (TCFA 47% focal versus 10% diffuse, p=0.002). Focal disease defined by PPG 

predicted the presence of TCFA with an area under the curve (AUC) of 0.73 (95% CI 0.58 to 

0.87).  

Conclusions: Atherosclerotic plaque phenotypes associate with intracoronary hemodynamics. 

Focal CAD had a higher plaque burden and was predominantly lipid-rich with a high 

prevalence of TCFA, whereas calcifications were more prevalent in diffuse CAD. 
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Introduction 

Coronary atherosclerosis can manifest as a broad range of plaque phenotypes. 1Plaque 

differentiation and progression likely result from the interaction between multiple genetic and 

environmental factors, with the underlying inflammatory milieu playing an essential role. 2-

4Vessel hemodynamics – more specifically, endothelial wall shear stress (WSS) and tensile 

stress – have also been associated with specific plaque phenotypes. 5,6However, the interplay 

between plaque morphology and local hemodynamics remains incompletely understood. 7 

Atherosclerosis can be characterized using invasive and non-invasive imaging methods 

that quantify volume, extension, and composition. Large plaque burden and lipid-rich plaques 

have been identified as predictors of adverse clinical events. 8-10Similarly, the presence of thin-

cap fibroatheroma (TCFA) has been associated with plaque rupture, clinically manifested as 

acute myocardial infarction. Conversely, calcifications are considered markers of plaque 

stability. 11 

It has been postulated that the presence of focal pressure gradients may influence plaque 

biology and its propensity to rupture. 12-14The pullback pressure gradient (PPG) is a quantitative 

index to quantify coronary artery disease (CAD) patterns into focal or diffuse CAD based on 

intravascular hemodynamics. Large pressure gradients define focal disease, whereas the 

absence of focal gradients characterizes diffuse CAD. 15We sought to investigate the 

pathophysiological interplay between physiological patterns and plaque characteristics using a 

combination of non-invasive and invasive imaging in patients with CAD. 

Methods 

Study population 

The present study is a sub-analysis of the Precise PCI Plan (P3) study. The main results 

have been published previously. 16Briefly, this multicenter, prospective, single-arm study was 

conducted in five countries (NCT03782688). Patients with stable CAD and invasive fractional 

flow reserve (FFR) ≤ 0.80 were eligible for inclusion. All patients had coronary computed 

tomography angiography (CCTA) with quantitative plaque analysis. Patients underwent an 

invasive procedure with motorized intracoronary pressure recordings for longitudinal vessel 

evaluation followed by optical coherence tomography (OCT). The P3 study validated a CCTA-

based revascularization planning tool in predicting post-PCI FFR. The objective of this sub-

study was to characterize atherosclerotic plaque phenotypes between focal and diffuse CAD 

defined by coronary hemodynamics using PPG. The study protocol was approved by the 
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investigational review board or ethics committee at each participating center. All patients 

signed informed consent before the study procedures. 

Coronary computed tomography angiography  

Coronary computed tomography angiography (CCTA) was performed using the latest-

generation CT scanners. Imaging acquisition guidelines recommended nitrates before CT 

acquisition and beta-blockers for heart rates higher than 65 b.p.m. Calcium scores were 

calculated by the Agatston method at the vessel level. Absolute and relative plaque volumes 

were measured for each component as follows. 17,18Plaque burden (PB) was defined as plaque 

area divided by vessel area at the minimal lumen area (MLA). Percent atheroma volume (PAV) 

was defined as plaque volume divided by vessel volume. 17Plaque composition was assessed 

by applying specific thresholds as described previously. 19Low attenuation plaque was defined 

as the presence of plaque with < 30 Hounsfield units (HU). 20Positive remodeling was defined 

by a remodeling index > 1.1. 21,22CCTA were analyzed using validated software (QAngio CT, 

Medis Medical Imaging, Netherlands) by a core laboratory (CoreAalst BV, Aalst, Belgium) 

blinded to the invasive data. 

Invasive Procedure 

Invasive coronary angiography was performed following a dedicated protocol. 

Intracoronary nitroglycerin (100-200 μg) was administered before angiography. At least two 

projections separated by at least 30 degrees were obtained. Coronary angiography was 

analyzed with 3D-quantitative coronary angiography (QCA) software (CAAS 8.2 Software, 

Pie Medical Imaging, Maastricht, Netherlands). The location of the lesions was determined by 

measuring the distance between the ostium of the vessel and the MLA. Resting pressure ratios 

and FFR were measured in the distal segment of the vessel. During intravenous adenosine 

infusion (140 g/kg/min), FFR pullbacks at a speed of 1 mm/s were performed using a 

motorized device (Volcano R 100, San Diego, California) fixed to the pressure wire.16  From 

the FFR pullback curves, PPG was calculated using commercially-available software 

(Coroflow v3.5, Coroventis Research AP, Uppsala, Sweden). The PPG calculation has been 

described in detail elsewhere. 15Briefly, PPG combines two parameters extracted from FFR 

pullback curves: first, the maximal pressure gradient over 20% of the pullback, and second, the 

length of functional disease. PPG ranges from 0 (diffuse disease) to 1 (focal disease). For the 

present analysis, the median PPG value dichotomized focal versus diffuse CAD. Aortic 

pressure tracings without a dicrotic notch, ventricularization, drift more than 0.05 FFR units, 
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unstable hyperemic conditions during the pullback maneuver, and pullback curves with major 

artifacts were excluded. 

Optical coherence tomography (OCT) pullbacks of 75 mm were acquired using a 

Dragonfly OPTIS Imaging Catheter (Abbott Vascular, St. Paul, Minnesota). An automated 

algorithm defined minimal lumen area (MLA). OCT pullbacks were performed before balloon 

pre-dilatation when feasible; cases in which OCT was performed after pre-dilatation were 

excluded from the OCT plaque analysis. Lipid-rich plaques (LRP) were defined as a low-signal 

region with a diffuse border of at least 90° with a length >1 mm. 23Circumferential LRP was 

defined as lipid occupying 360°. A fibrous cap was defined as a signal-rich homogenous layer 

overlying a LRP. 24The thinnest part of the fibrous cap was measured three times, and its 

average thickness was defined as the fibrous cap thickness. TCFA was defined as the presence 

of fibrous cap thickness <65 µm overlying LRP. 25Plaque rupture was defined as intimal 

tearing, disruption, or dissection of the cap. Additional OCT definitions are shown in 

Supplemental Material Table S1. 26,27OCT images were analyzed by the core laboratory using 

CAAS Intravascular version 2.1 (Pie Medical Imaging, Maastricht, Netherlands) blinded to the 

physiological data. 

Statistical Analysis 

Variables are expressed as mean ± standard deviation (SD) and median [interquartile 

range (IQR)] for normally and non-normally distributed data, respectively. Categorical 

variables are expressed as frequencies and percentages (%). Continuous variables were 

compared using the student’s t-test (or Mann–Whitney tests as appropriate), and categorical 

variables were compared using the Chi-square (or Fisher’s exact test as appropriate). Pearson 

correlation coefficient was used to assess the relationship between continuous variables. 

Univariable and multivariable regression analyses with logistic and generalized linear models 

were used to assess the association between CAD patterns defined by PPG (predictor variable) 

and plaque characteristics derived from CCTA and OCT (outcome variables). PPG and FFR 

were analyzed as continuous variables. Receiver operating characteristic (ROC) curve analyses 

were used to assess the capacity of PPG to predict adverse plaque characteristics. In patients 

with multivessel interrogation (n=3), the lowest PPG value was used to classify the case for 

the patient-level analysis. A p-value of 0.05 or less was considered to indicate statistical 

significance. All statistical analyses were performed using R statistical software version 4.1.2 

(R Foundation for Statistical Computing, Vienna, Austria). 

Results 
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Study Population  

From February 2019 to December 2020, 259 patients were screened and 117 patients 

(120 vessels) were included. The study flowchart is shown in Supplemental Material Figure 

S1. CCTA plaque analysis was feasible for all cases, and OCT plaque analysis was feasible in 

57% (68/120) of the cases.  

Baseline characteristics 

Clinical characteristics stratified by CAD pattern are shown in Table 1. Mean age 

tended to be lower in patients with focal CAD, most of the patients were male, and one-fifth 

had diabetes – all without differences between focal and diffuse disease. Procedural, 

morphological, and coronary physiology characteristics stratified CAD patterns are shown in 

Table 2. Diffuse CAD was more frequently observed in the left anterior descending (LAD) 

artery. The median PPG was 0.66 [IQR 0.54 to 0.75]. PPG distribution and its relationship with 

lesion severity are shown in Figure 1. Patients with focal versus diffuse disease CAD had 

greater lesion severity represented by lower MLA in QCA and lower FFR. A sensitivity 

analysis restricted to patients with single vessel interrogation is shown in Supplemental 

Material Table S2. 

Plaque morphology based on CCTA stratified by CAD pattern 

The mean plaque burden (at the MLA) was 85±9% and was significantly higher in 

patients with focal CAD. Conversely, PAV (vessel level) was higher in patients with diffuse 

CAD. Patients with diffuse CAD had a higher Agatston score, longer calcium length, and 

higher calcified plaque burden than focal CAD (Table 3 and Figure 2). Other plaque 

components based on CCTA stratified by the PPG are shown in Supplemental Material Table 

S3. 

FFR was associated with plaque burden at the MLA (Supplemental Material Table S4). 

PPG was significantly associated with plaque burden at the MLA, non-calcified and calcified 

plaque burdens, low-attenuation plaque burden, PAV, and Agatston score (Table 4); the higher 

the PPG, the larger the plaque burden at the MLA, the greater the low-attenuation plaque 

burden and non-calcified plaque burden, and the lower the calcific plaque burden. PPG 

remained associated with plaque CCTA characteristics independent of FFR (Supplemental 

Material Table S5). 

Plaque morphology based on OCT stratified by CAD patterns 

Lipid-rich plaques (LRP) were present in 57% of cases, and circumferential LRP was 

significantly more prevalent in patients with focal CAD. Associations between PPG and OCT 
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plaque features are shown in Table 4 and Figure 3. PPG predicted the presence of 

circumferential LRP with an area under the curve (AUC) of 0.82 (95% CI 0.66 to 0.99). In 

vessels with focal CAD, fibrous caps overlying fibroatheromas were thinner (63 ± 9.9 μm focal 

versus 90.3 ± 25.2 μm diffuse, p=0.001) and TCFA more prevalent (47.4% focal versus 10.2% 

diffuse, p=0.002) than in vessels with diffuse disease. PPG and fibrous cap thickness were 

negatively correlated (r=-0.55; 95% CI: -0.74 to -0.28; p<0.001; Figure 3, panel A). PPG was 

associated with fibrous cap thickness independent of FFR and diabetes mellitus (Supplemental 

Material Table S6). High PPG predicted the presence of TCFA with an AUC of 0.73 (95% CI 

0.58 to 0.87). Independent of FFR, PPG was significantly associated with the presence of 

circumferential LRP, TCFA, and plaque rupture (Supplemental Material Table S7). FFR was 

not associated with OCT plaque characteristics (Supplemental Material Table S8). Two case 

examples summarizing the association between plaque characteristics by CCTA and OCT and 

coronary physiology are shown in Figure 4. The central illustration summarizes the association 

between pathophysiology patterns of CAD defined by PPG and plaque characteristics based 

on invasive and non-invasive imaging.   

Discussion  

The present study describes the interplay between coronary hemodynamics and 

atherosclerotic plaque phenotypes. The main finding is the distinctive plaque features observed 

in patients with focal versus diffuse CAD. Atherosclerotic lesions in vessels with focal disease 

(high PPG) had a higher plaque burden and were predominantly lipid-rich with a high 

prevalence of TCFA, whereas calcifications were the hallmark of vessels with diffuse disease 

(low PPG). Furthermore, trans-lesion pressure gradients correlated inversely with fibrous cap 

thickness.  

Previous studies have shown that low FFR, measured at the distal segment of the 

coronary artery, is associated with plaque characteristics, particularly the presence of plaques 

with a higher risk of rupture. 12,28However, these studies are limited by the absence of 

longitudinal vessel hemodynamic information. PPG, derived from hyperemic pullback 

pressure curves, quantifies the longitudinal distribution of abnormal epicardial resistance, thus 

providing a second dimension to single-point FFR. 29A unique feature of our methodology is 

the use of motorized pullback recordings, which increased the accuracy of the analysis and 

allowed for the standardization of the pressure-length relationship. 30Trans-lesion pressure 

gradients concentrated on a short segment of the artery (i.e., high PPG) translate into increased 

plaque tensile and compressive stresses. 31Focal disease, defined by coronary physiology with 
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PPG, was anatomically more severe and had a greater plaque burden, explaining the lower FFR 

measured at the distal coronary segment than vessels with diffuse disease. These localized 

pressure gradients also induce disturbance of laminar flow with eddies at the lesion exit, 

producing areas of low and oscillatory WSS, which can lead to plaque progression and 

inflammation, cap thinning and destabilization, and ultimately, plaque rupture when the 

physical forces exerted on the plaque exceeds its material strength. 31,32In the present study, we 

observed that high PPG values were associated with plaque rupture and a negative relationship 

between PPG and cap thickness overlying fibroatheromas.  In contrast, in vessels with a low 

PPG value, epicardial resistance is spread over a longer vessel segment. These findings expand 

our knowledge about the relationship between coronary physiology, quantified by FFR and 

PPG, and plaque characteristics assessed invasively using OCT and non-invasively through 

CCTA.  

It can be hypothesized that lipidic plaque progression occurs rapidly with localized 

growth leading to focal stenosis, here captured as high PPG. Conversely, in the absence of 

focal pressure gradients, the prevalence of lipid-rich plaques was low, and low PPG values 

were mainly associated with coronary calcifications. Patients with diffuse pressure losses had 

higher calcium scores, calcium burden, and calcium volume derived from the quantitative 

CCTA analysis. Plaque calcification stabilizes CAD by decreasing fibrous cap stress. 

11Moreover, calcifications influence coronary artery interventions and are associated with 

fewer procedural successes and a higher rate of long-term complications after percutaneous 

coronary intervention (PCI). 33Interestingly, the percent atheroma volume (PAV) was greater 

in diffuse disease. PAV and calcifications are also considered prognostic indicators, but instead 

of identifying plaque-related risk, they reflect the general burden of disease.  

TCFA can be observed in a broad range of angiographic lesion severity; however, they 

are twice as common in severe stenosis than in non-severe stenosis. This finding is compatible 

with our study, where patients with focal disease (high PPG) had lower FFR and more TCFA. 

This is also consistent with the observation that acute coronary syndrome (ACS) occurred more 

frequently in cases with significant stenosis. 34Interestingly, the association between PPG and 

TCFA was independent of FFR, highlighting the role of local hemodynamics on plaque 

characteristics. The presence of lipidic plaque and TFCA have been shown to predict the 

occurrence of ischemic events with a poor to moderate predictive capacity; however, the 

limited prediction of adverse events by these plaque impedes their use for revascularization 

decisions comparable to the invasive physiologic metrics of FFR and PPG. A prospective 
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natural-history study of coronary atherosclerosis with novel imaging and physiological 

techniques is warranted. 

The PPG will allow for connecting coronary physiology patterns with plaque 

characteristics. Since the PPG is easily obtainable in practice after a manual 20-30 seconds 

FFR pullback maneuver, the present findings have several clinical implications. Beyond the 

classical evaluation of lesion significance with FFR, a pullback maneuver not only adds 

additional information on the likelihood of PCI success but also provides further stratification 

on patients' risk for adverse events. High PPG predicted the presence of circumferential lipid-

rich plaques and TCFA with AUC of 0.82 and 0.73, respectively. This atherosclerotic 

phenotyping based on coronary physiology allows for the understanding of CAD as two 

entities: a focal disease with predominantly lipidic atherosclerotic and diffuse more stable 

atherosclerotic and hemodynamic pattern. Clinically, focal disease is more amenable to 

therapies like PCI, and based on the linked lipidic plaque phenotype; this patient subgroup 

might benefit from an intervention. 35,36In contrast, diffuse disease, less appropriate for PCI 

and stable in nature, may benefit more from conservative management. The PPG may facilitate 

the standardization of the diagnosis of CAD patterns and be able to identify individuals with 

different responses to coronary interventions. A randomized clinical trial addressing the 

clinical benefit of a PPG-guided treatment strategy is warranted.  

Limitations 

The main limitation of the present study is that it represents a snapshot of the 

atherosclerosis process. Because of the lack of serial data, we could not assess the disease 

progression nor the clinical outcomes associated with focal and diffuse disease. In addition, 

OCT was not available for all patients, with a higher image attrition rate in patients with focal 

CAD mainly because of technical difficulties during image acquisition. Nonetheless, this was 

partly circumvented by the CCTA analysis available in the complete cohort. Furthermore, 

information on microcirculation, which has been associated with plaque characteristics, was 

not collected. 7Moreover, we acknowledge that despite adjusting the association between 

plaque features and PPG by FFR, the absence of vessels with high FFR (FFR > 0.80) may have 

influenced the analysis. It is important to highlight that the patients included in this study had 

hemodynamically significant lesions defined as FFR ≤ 0.80. The extrapolation of these findings 

to patients with hemodynamically non-significant lesions requires further investigation. 

Finally, the present study is focused on the association between coronary hemodynamics and 
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plaque characteristics; the impact of these findings on clinical outcomes remains to be 

determined.    

Conclusions 

Atherosclerotic plaque phenotypes associate with intracoronary hemodynamics. 

Vessels with focal disease (high PPG) had a higher plaque burden and predominantly lipid-

rich plaques with a high prevalence of TCFA, whereas, in vessels with diffuse disease (low 

PPG), the plaques were predominantly calcified. PPG was associated with cap thickness with 

thinner caps observed in lesions with higher focal pressure gradients.  

These results relate invasive pathophysiology and plaque characteristics supporting the 

clinical utility of FFR and PPG for differentiating focal from diffuse disease. The data support 

the use and interpretation of PPG in relation to plaque composition but do not support the use 

of anatomic plaque characteristics by either CCTA or OCT as a basis for revascularization in 

the absence of reduced FFR. In addition, the absence of comparable plaque evaluation for non-

hemodynamically significant lesions (FFR > 0.80) precludes extrapolating these findings to a 

less diseased population. 
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Table 1. Baseline clinical characteristics. 

Variables All 
Focal CAD 

(PPG > 0.66) 

Diffuse CAD 

(PPG ≤ 0.66) 
p-value 

Number of patients, n* 117 58 59  

Clinical characteristics     

Age, years (mean ± SD) 63.5 ± 9.3 61.9 ± 9.7 65.1 ± 8.7 0.062 

Male, n (%) 93 (79.5) 44 (75.9) 49 (83.1) 0.368 

BMI (kg/m2, mean ± SD) 27.0 ± 3.4 26.9 ± 3.5 27.1 ± 3.3 0.771 

Dyslipidemia, n (%) 91 (77.8) 44 (75.9) 47 (79.7) 0.662 

Hypertension, n (%) 66 (56.4) 35 (60.3) 31 (52.5) 0.457 

Diabetes mellitus, n (%) 26 (22.2) 11 (19.0) 15 (25.4) 0.506 

Smoking, n (%) 24 (20.5) 13 (22.4) 11 (18.6) 0.653 

Prior PCI, n (%) 6 (5.1) 2 (3.4) 4 (6.8) 0.679 

PAD, n (%) 5 (4.3) 3 (5.2) 2 (3.4) 0.679 

Stroke, n (%) 4 (3.4) 3 (5.2) 1 (1.7) 0.364 

Creatinine, mg/dl  

(mean ± SD) 
0.94 ± 0.2 0.93 ± 0.22 0.95 ± 0.18 0.546 

Creatinine clearance, ml/min 

(mean ± SD) 
80.1 ± 23.9 83.9 ± 26.4 76.4 ± 20.6 0.097 

LVEF, % (mean ± SD) 60.3 ± 6.2 60.4 ± 5.2 60.2 ± 7.0 0.826 

Clinical presentation, n (%)    0.041 

Silent ischemia, n (%)** 29 (24.8) 10 (17.2) 19 (32.2)  

CCS Ⅰ, n (%) 36 (30.8) 15 (25.9) 21 (35.6)  

CCS Ⅱ, n (%) 41 (35.0) 25 (43.1) 16 (27.1)  

CCS Ⅲ, n (%) 8 (6.8) 6 (10.3) 2 (3.4)  

CCS Ⅳ, n (%) 1 (0.9) 0 (0.0) 1 (1.7)  

Unstable angina, n (%) 2 (1.7) 2 (3.4) 0 (0.0)  
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Agatston score per patient 

(median, IQR) 
230 [81, 708] 147 [55, 453] 

462 [141, 

996] 
0.025 

* Three patients had two vessels assessed.  

** Silent ischemia is defined as asymptomatic patients with a positive non-invasive test.  

The lowest PPG was used to classify the patients as focal or diffuse CAD. BMI body mass 

index. CAD coronary artery disease. CCS Canadian cardiovascular society. IQR interquartile 

range. LVEF left ventricular ejection fraction. PAD peripheral artery disease. PCI percutaneous 

coronary intervention. PPG pullback pressure gradient. SD standard deviation. 
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Table 2. Imaging and hemodynamic vessel characteristics. 

Variables All 
Focal CAD 

(PPG>0.66) 

Diffuse CAD 

(PPG ≤0.66) 
p-value 

Number of vessels, n 120 60 60  

Vessels    <0.001 

    LAD, n (%) 92 (76.7) 35 (58.3) 57 (95.0)  

    LCx, n (%) 13 (10.8) 11 (18.3) 2 (3.3)  

    RCA, n (%) 15 (12.5) 14 (23.3) 1 (1.7)  

QCA analysis (mean ± SD)     

Minimum lumen diameter, 

mm 
1.3 ± 0.43 1.1 ± 0.38 1.5 ± 0.40 <0.001 

Reference lumen diameter, 

mm  
2.7 ± 0.49 2.7 ± 0.49 2.7 ± 0.49 0.959 

Percent diameter stenosis, %  51.6 ± 14.0 58.8 ± 11.4 44.5 ± 12.8 <0.001 

Percent area stenosis, %  74.7 ± 14.4 81.9 ± 10.2 67.5 ± 14.6 <0.001 

Location of the lesion¶, mm 

(mean ± SD) 
40.6 ± 18.0 40.1 ± 19.5 41.0 ± 16.4 0.789 

OCT analysis (mean ± SD)     

Number of vessels, n 68 19* 49**  

Lesion length, mm  29.8 ± 12.9 26.8 ± 11.5 31.0 ± 13.4 0.23 

Minimum lumen area, mm
2 
 1.8 ± 0.76 1.4 ± 0.71 2.0 ± 0.74 0.007 

Percent area stenosis, %  73.2 ± 11.1 83.7 ± 3.5 69.2 ± 10.4 <0.001 

Physiological analysis  

(mean ± SD) 
    

Resting Pd/Pa  0.82 ± 0.14 0.77 ± 0.17 0.88 ± 0.06 <0.001 

FFR  0.65 ± 0.14 0.59 ± 0.15 0.72 ± 0.09 <0.001 

PPG  0.66 ± 0.13 0.77 ± 0.07 0.54 ± 0.08 <0.001 
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¶ Distance between the ostium and minimal lumen area assessed by quantitative coronary 

angiography. *41 vessels were excluded because pre-dilatation was performed before OCT 

acquisition to facilitate catheter advancement. **11 vessels were excluded because pre-

dilatation was performed before OCT acquisition to facilitate catheter advancement.  

CAD coronary artery disease. FFR fractional flow reserve. LAD left anterior descending. LCx 

left circumflex. OCT optical coherence tomography. Pa aortic pressure. Pd distal coronary 

pressure. PPG pullback pressure gradient. QCA quantitative coronary angiography. RCA right 

coronary artery. SD standard deviation. 
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Table 3. Plaque characteristics based on coronary computed tomography angiography (CCTA) 

and optical coherence tomography (OCT) in focal and diffuse coronary artery disease (CAD). 

Variables All 
Focal CAD 

(PPG >0.66) 

Diffuse CAD 

(PPG ≤0.66) 
p-value 

CCTA plaque analysis 

Number of vessels, n 120 60 60  

Lesion level (mean ± SD)     

Plaque burden at the MLA, % 84.7 ± 9.0 87.1 ± 7.5 82.3 ± 9.8 0.003 

Remodeling index  0.93 ± 0.21 0.94 ± 0.19 0.93 ± 0.23 0.760 

Non-calcified plaque burden, 

% 
80.9 ± 17.0 84.4 ± 14.9 77.5 ± 18.3 0.027 

Low-attenuation plaque 

burden, % 
21.3 ± 15.4 22.7 ± 14.0 19.9 ± 16.7 0.319 

Napkin-ring sign, n (%) 7 (5.8) 4 (6.7) 3 (5.0) 1.0 

Calcified plaque burden, % 19.1 ± 17.0 15.7 ± 14.9 22.5 ± 18.3 0.027 

Calcium length, mm 6.0 ± 6.5 4.1 ± 5.6 7.7 ± 6.8 0.011 

Calcium arc, degrees* 45 [0, 150] 0 [0, 90] 55 [30, 180] 0.022 

Spotty calcification, n (%) 30 (25.0) 19 (31.7) 11 (18.3) 0.139 

Vessel level analysis  

(mean ± SD) 
    

Percent atheroma volume, %  38.5 ± 8.3 36.6 ± 8.5   40.3 ± 7.8    0.013 

Non-calcified plaque burden, 

% 
84.7 ± 13.7 86.5 ± 12.7 82.8 ± 14.4 0.147 

Low-attenuation plaque 

burden, % 
18.0 ± 12.1 17.9 ± 11.0 18.2 ± 13.1 0.888 

Agatston score per vessel* 104 [31, 300] 51 [11, 204] 158 [52, 341] 0.024 

OCT plaque analysis 
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Number of vessels, n 68 19 49  

Lipid rich plaque (LRP), n 

(%) 
39 (57.4%) 14 (73.7%) 25 (51.0%) 0.108 

LRP > 180°, n (%) 30 (44.1%) 12 (63.2%) 18 (36.7%) 0.061 

Circumferential LRP, n (%) 9 (13.2%) 7 (36.8%) 2 (4.1%) 0.001 

Calcified plaque, n (%) 55 (80.9%)   13 (68.4%) 42 (85.7%) 0.166 

Eruptive calcified nodule, n 

(%) 
3 (4.4%) 0 (0.0%) 3 (6.1%)   0.554 

Spotty calcium, n (%) 16 (23.5%) 3 (15.8%) 13 (26.5%) 0.526 

Thin-cap fibroatheroma 

(TCFA), n (%) 
14 (20.6%) 9 (47.4%) 5 (10.2%) 0.002 

Plaque rupture, n (%) 18 (26.5%) 7 (36.8%) 11 (22.4%) 0.238 

Thrombus, n (%) 13 (19.1%) 6 (31.6%) 7 (14.3%) 0.166 

Micro channel, n (%) 25 (36.8%) 6 (31.6%) 19 (38.8%) 0.780 

Macrophage accumulation, n 

(%) 
18 (26.5%) 5 (26.3%) 13 (26.5%) 1.000 

Cholesterol crystal, n (%) 22 (32.4%) 7 (36.8%) 15 (30.6%) 0.773 

Layered plaque, n (%) 44 (64.7%) 14 (73.7%) 30 (61.2%) 0.405 

* Values presented as median [IQR]. 

CAD coronary artery disease. CCTA coronary computed tomography angiography. IQR 

interquartile range. MLA minimal lumen area. OCT optical coherence tomography. PPG 

pullback pressure gradient. SD standard deviation. 
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Table 4. Univariable regression analysis of pullback pressure gradient (PPG) for the 

association of plaque characteristics based on coronary computed tomography angiography 

(CCTA) and optical coherence tomography (OCT).  

Variables Exp (β) 95% CI p-value 

CCTA plaque analysis* 

Plaque burden at MLA, % 2.06 0.90 to 3.23 <0.001 

Remodeling index 0.01 -0.02 to 0.04 0.558 

Non-calcified plaque burden (lesion level), % 3.60 1.39 to 5.82 0.002 

Low-attenuation plaque burden (lesion level), % 2.27 0.22 to 4.33 0.032 

Calcified plaque burden (lesion level), % -3.60 -5.82 to -1.39 0.002 

Percent atheroma volume (vessel level), % -1.80 -2.88 to -0.71 0.002 

Agatston score per vessel (vessel level) -55.38 -105.63 to -5.13 0.034 

OCT plaque analysis** 

Lipid rich plaque (LRP) > 180°, n (%) 1.72 1.14 to 2.71 0.013 

Circumferential LRP, n (%) 3.01 1.57 to 6.93 0.003 

Thin-cap fibroatheroma, n (%) 1.83 1.13 to 3.15 0.018 

Plaque rupture, n (%) 1.61 1.04 to 2.58 0.040 

Eruptive calcified nodule, n (%) 0.80 0.25 to 2.03 0.657 

Spotty calcium, n (%) 0.73 0.44 to 1.17 0.212 

Microchannels, n (%) 1.08 0.73 to 1.62 0.688 

Macrophage accumulation, n (%) 1.06 0.68 to 1.63 0.806 

Cholesterol crystals, n (%) 1.10 0.73 to 1.65 0.660 

Layered plaque, n (%) 1.30 0.86 to 2.01 0.224 
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The explanatory variable was the PPG as a continuous variable. * Continuous variables. 

**Categorical variables.  

CCTA coronary computed tomography angiography. CI confidence interval. MLA minimal 

lumen area. OCT optical coherence tomography. PPG pullback pressure gradient. 

  



               

 

 

160 

Figure 1. Distribution of pullback pressure gradient (PPG) and relationship with fractional flow 

reserve and diameter stenosis. 

The bottom panel shows the distribution of PPG in the present cohort. The median value was 

0.66 [IQR 0.54, 0.75]; values > 0.66 defined focal disease (blue shaded area), and PPG ≤ 0.66 

represent diffuse coronary artery disease (red shaded area). The top left panel displays the 

relationship between PPG and minimal lumen area (MLA) derived from quantitative coronary 

angiography (QCA) analysis and the top right panel the relationship between PPG and 

fractional flow reserve (FFR). In the correlation plots, the box plots show the median and 

interquartile range (IQR) of MLA and FFR, respectively. The solid black line represents the 

line of best fit, and the dashed line is the confidence interval.
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Figure 2. Plaque characteristics based on coronary computed tomography angiography 

(CCTA) in focal and diffuse disease. 

The box plots show CCTA-derived plaque characteristics stratified coronary artery disease 

(CAD) pattern. Focal CAD is depicted in blue, whereas diffuse disease is in red. Panel A shows 

plaque burden at the minimal lumen area (MLA); panel B shows percent atheroma volume 

(vessel level); panel C shows calcified plaque burden; panel D shows non-calcified plaque 

burden; panel E shows low attenuation plaque burden and panel F shows Agatston score per 

vessel.    
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Figure 3. Plaque characteristics based on optical coherence tomography (OCT) in focal and 

diffuse disease. 

Panel A shows the association between pullback pressure gradient (PPG) and fibrous cap 

thickness, whereas panel B shows the predictive capacity of the PPG for thin-cap fibroatheroma 

(TCFA). Panel C shows the association between PPG and maximal lipidic arc, while panel D 

displays the area under the curve for the prediction of circumferential lipid-rich plaque (LRP) 

based on PPG. Panel E shows the prevalence of OCT plaque features stratified by focal (blue 

bars) and diffuse disease (red bars).  

CI confidence interval. AUC area under the curve. 
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Figure 4. Case examples of focal and diffuse coronary artery disease (CAD). 

The left panel shows a case with focal CAD (high PPG), while the right panel shows a patient 

with diffuse CAD. Panels a and a’ show coronary angiography and the white arrowheads 

identify the lesions. Panels b and b’ show coronary computed tomography angiography straight 

multiplanar reconstructions of the vessel, and panels c and c’ and d and d’ show the cross-

section without and with tissue characterization, respectively. Panels e and e’ present the FFR 

pullback tracings with the corresponding FFR and PPG values. The red bars depict the location 

and magnitude of pressure drops along the coronary vessel. Panels f through k show cross-

sectional and longitudinal optical coherence tomography images, respectively. The star (*) 

shows plaque rupture, the two stars (**) depict circumferential lipid-rich plaque, the arrowhead 

thin-cap fibroatheroma, and the white cross (✟) shows circumferential calcified plaque.  

FFR fractional flow reserve. PPG pullback pressure gradient. 

Central Illustration. Association between CAD patterns and plaque characteristics based on 

invasive and non-invasive imaging. 

We included patients with hemodynamic significant coronary artery disease (CAD) based on 

FFR ≤ 0.80 with plaque characterization based on coronary computed tomography 

angiography (CCTA) and optical coherence tomography (OCT). Based on the pullback 

pressure gradient (PPG) index, patients were divided into those with focal (PPG > 0.66), or 

diffuse CAD (PPG ≤ 0.66). Vessels with focal CAD (blue bars) had a higher plaque burden 

and predominantly lipid-rich plaque with a high prevalence of TCFA, whereas calcifications 

were the hallmark of vessels with diffuse disease (red bars).  



 166 

 



               

 

 

167 

References 

1. Libby P. The changing landscape of atherosclerosis. Nature. Apr 2021;592(7855):524-

533. doi:10.1038/s41586-021-03392-8 

2. Aherrahrou R, Guo L, Nagraj VP, et al. Genetic Regulation of Atherosclerosis-Relevant 

Phenotypes in Human Vascular Smooth Muscle Cells. Circulation Research. 

2020;127(12):1552-1565. doi:10.1161/circresaha.120.317415 

3. Geovanini GR, Libby P. Atherosclerosis and inflammation: overview and updates. Clin 

Sci (Lond). Jun 29 2018;132(12):1243-1252. doi:10.1042/CS20180306 

4. Wolf D, Ley K. Immunity and Inflammation in Atherosclerosis. Circulation Research. 

2019;124(2):315-327. doi:10.1161/circresaha.118.313591 

5. Wentzel JJ, Janssen E, Vos J, et al. Extension of increased atherosclerotic wall 

thickness into high shear stress regions is associated with loss of compensatory remodeling. 

Circulation. Jul 8 2003;108(1):17-23. doi:10.1161/01.CIR.0000078637.21322.D3 

6. Kwak BR, Back M, Bochaton-Piallat ML, et al. Biomechanical factors in 

atherosclerosis: mechanisms and clinical implications. Eur Heart J. Nov 14 2014;35(43):3013-

20, 3020a-3020d. doi:10.1093/eurheartj/ehu353 

7. Yang S, Koo BK, Narula J. Interactions Between Morphological Plaque Characteristics 

and Coronary Physiology: From Pathophysiological Basis to Clinical Implications. JACC 

Cardiovasc Imaging. Jun 2022;15(6):1139-1151. doi:10.1016/j.jcmg.2021.10.009 

8. Stone GW, Maehara A, Lansky AJ, et al. A prospective natural-history study of 

coronary atherosclerosis. N Engl J Med. Jan 20 2011;364(3):226-35. 

doi:10.1056/NEJMoa1002358 

9. Prati F, Romagnoli E, Gatto L, et al. Relationship between coronary plaque morphology 

of the left anterior descending artery and 12 months clinical outcome: the CLIMA study. Eur 

Heart J. Jan 14 2020;41(3):383-391. doi:10.1093/eurheartj/ehz520 

10. Waksman R, Di Mario C, Torguson R, et al. Identification of patients and plaques 

vulnerable to future coronary events with near-infrared spectroscopy intravascular ultrasound 

imaging: a prospective, cohort study. The Lancet. 2019;394(10209):1629-1637. 

doi:10.1016/s0140-6736(19)31794-5 

11. Huang H, Virmani R, Younis H, Burke AP, Kamm RD, Lee RT. The impact of 

calcification on the biomechanical stability of atherosclerotic plaques. Circulation. Feb 27 

2001;103(8):1051-6. doi:10.1161/01.cir.103.8.1051 

12. Matsuo Y, Higashioka D, Ino Y, et al. Association of Hemodynamic Severity With 

Plaque Vulnerability and Complexity of Coronary Artery Stenosis: A Combined Optical 

Coherence Tomography and Fractional Flow Reserve Study. JACC Cardiovasc Imaging. Jun 

2019;12(6):1103-1105. doi:10.1016/j.jcmg.2018.11.023 

13. Lee JM, Choi G, Koo BK, et al. Identification of High-Risk Plaques Destined to Cause 

Acute Coronary Syndrome Using Coronary Computed Tomographic Angiography and 

Computational Fluid Dynamics. JACC Cardiovasc Imaging. Jun 2019;12(6):1032-1043. 

doi:10.1016/j.jcmg.2018.01.023 

14. Pagnoni M, Meier D, Candreva A, et al. Future culprit detection based on angiography-

derived FFR. Catheter Cardiovasc Interv. Sep 2021;98(3):E388-E394. doi:10.1002/ccd.29736 

15. Collet C, Sonck J, Vandeloo B, et al. Measurement of Hyperemic Pullback Pressure 

Gradients to Characterize Patterns of Coronary Atherosclerosis. Journal of the American 

College of Cardiology. 2019;74(14):1772-1784. doi:10.1016/j.jacc.2019.07.072 

16. Sonck J, Nagumo S, Norgaard Bjarne L, et al. Clinical Validation of a Virtual Planner 

for Coronary Interventions Based on Coronary CT Angiography. JACC: Cardiovascular 

Imaging. 2022/07/01 2022;15(7):1242-1255. doi:10.1016/j.jcmg.2022.02.003 



               

 

 

168 

17. Williams MC, Kwiecinski J, Doris M, et al. Low-Attenuation Noncalcified Plaque on 

Coronary Computed Tomography Angiography Predicts Myocardial Infarction: Results From 

the Multicenter SCOT-HEART Trial (Scottish Computed Tomography of the HEART). 

Circulation. May 5 2020;141(18):1452-1462. doi:10.1161/CIRCULATIONAHA.119.044720 

18. Monizzi G, Sonck J, Nagumo S, et al. Quantification of calcium burden by coronary 

CT angiography compared to optical coherence tomography. Int J Cardiovasc Imaging. Dec 

2020;36(12):2393-2402. doi:10.1007/s10554-020-01839-z 

19. Matsumoto H, Watanabe S, Kyo E, et al. Standardized volumetric plaque quantification 

and characterization from coronary CT angiography: a head-to-head comparison with invasive 

intravascular ultrasound. Eur Radiol. Nov 2019;29(11):6129-6139. doi:10.1007/s00330-019-

06219-3 

20. Dey D, Diaz Zamudio M, Schuhbaeck A, et al. Relationship Between Quantitative 

Adverse Plaque Features From Coronary Computed Tomography Angiography and 

Downstream Impaired Myocardial Flow Reserve by 13N-Ammonia Positron Emission 

Tomography: A Pilot Study. Circ Cardiovasc Imaging. Oct 2015;8(10):e003255. 

doi:10.1161/CIRCIMAGING.115.003255 

21. Achenbach S, Ropers D, Hoffmann U, et al. Assessment of coronary remodeling in 

stenotic and nonstenotic coronary atherosclerotic lesions by multidetector spiral computed 

tomography. J Am Coll Cardiol. Mar 3 2004;43(5):842-7. doi:10.1016/j.jacc.2003.09.053 

22. Park HB, Heo R, B OH, et al. Atherosclerotic plaque characteristics by CT angiography 

identify coronary lesions that cause ischemia: a direct comparison to fractional flow reserve. 

JACC Cardiovasc Imaging. Jan 2015;8(1):1-10. doi:10.1016/j.jcmg.2014.11.002 

23. Tearney GJ, Regar E, Akasaka T, et al. Consensus standards for acquisition, 

measurement, and reporting of intravascular optical coherence tomography studies: a report 

from the International Working Group for Intravascular Optical Coherence Tomography 

Standardization and Validation. J Am Coll Cardiol. Mar 20 2012;59(12):1058-72. 

doi:10.1016/j.jacc.2011.09.079 

24. Hoshino M, Yonetsu T, Usui E, et al. Clinical Significance of the Presence or Absence 

of Lipid-Rich Plaque Underneath Intact Fibrous Cap Plaque in Acute Coronary Syndrome. J 

Am Heart Assoc. May 7 2019;8(9):e011820. doi:10.1161/jaha.118.011820 

25. Miyamoto Y, Okura H, Kume T, et al. Plaque characteristics of thin-cap fibroatheroma 

evaluated by OCT and IVUS. JACC Cardiovasc Imaging. Jun 2011;4(6):638-46. 

doi:10.1016/j.jcmg.2011.03.014 

26. Sugiyama T, Yamamoto E, Fracassi F, et al. Calcified Plaques in Patients 

With Acute Coronary Syndromes. JACC Cardiovasc Interv. Mar 25 2019;12(6):531-540. 

doi:10.1016/j.jcin.2018.12.013 

27. Nakajima A, Araki M, Minami Y, et al. Layered Plaque Characteristics and Layer 

Burden in Acute Coronary Syndromes. Am J Cardiol. Feb 1 2022;164:27-33. 

doi:10.1016/j.amjcard.2021.10.026 

28. Driessen RS, de Waard GA, Stuijfzand WJ, et al. Adverse Plaque Characteristics Relate 

More Strongly With Hyperemic Fractional Flow Reserve and Instantaneous Wave-Free Ratio 

Than With Resting Instantaneous Wave-Free Ratio. JACC: Cardiovascular Imaging. 

2020;13(3):746-756. doi:10.1016/j.jcmg.2019.06.013 

29. Ando H, Takashima H, Suzuki A, et al. Impact of lesion characteristics on the 

prediction of optimal poststent fractional flow reserve. Am Heart J. Dec 2016;182:119-124. 

doi:10.1016/j.ahj.2016.09.015 



               

 

 

169 

30. Sonck J, Collet C, Mizukami T, et al. Motorized fractional flow reserve pullback: 

Accuracy and reproducibility. Catheter Cardiovasc Interv. Sep 1 2020;96(3):E230-E237. 

doi:10.1002/ccd.28733 

31. Li ZY, Taviani V, Tang T, et al. The mechanical triggers of plaque rupture: shear stress 

vs pressure gradient. Br J Radiol. Jan 2009;82 Spec No 1:S39-45. doi:10.1259/bjr/15036781 

32. Chatzizisis YS, Coskun AU, Jonas M, Edelman ER, Feldman CL, Stone PH. Role of 

endothelial shear stress in the natural history of coronary atherosclerosis and vascular 

remodeling: molecular, cellular, and vascular behavior. J Am Coll Cardiol. Jun 26 

2007;49(25):2379-93. doi:10.1016/j.jacc.2007.02.059 

33. Genereux P, Madhavan MV, Mintz GS, et al. Ischemic outcomes after coronary 

intervention of calcified vessels in acute coronary syndromes. Pooled analysis from the 

HORIZONS-AMI (Harmonizing Outcomes With Revascularization and Stents in Acute 

Myocardial Infarction) and ACUITY (Acute Catheterization and Urgent Intervention Triage 

Strategy) TRIALS. J Am Coll Cardiol. May 13 2014;63(18):1845-54. 

doi:10.1016/j.jacc.2014.01.034 

34. Motoyama S, Ito H, Sarai M, et al. Plaque Characterization by Coronary Computed 

Tomography Angiography and the Likelihood of Acute Coronary Events in Mid-Term Follow-

Up. J Am Coll Cardiol. Jul 28 2015;66(4):337-46. doi:10.1016/j.jacc.2015.05.069 

35. Chaitman BR, Alexander KP, Cyr DD, et al. Myocardial Infarction in the ISCHEMIA 

Trial: Impact of Different Definitions on Incidence, Prognosis, and Treatment Comparisons. 

Circulation. Feb 23 2021;143(8):790-804. doi:10.1161/CIRCULATIONAHA.120.047987 

36. Yang S, Koo BK, Hwang D, et al. High-Risk Morphological and Physiological 

Coronary Disease Attributes as Outcome Markers After Medical Treatment and 

Revascularization. JACC Cardiovasc Imaging. Oct 2021;14(10):1977-1989. 

doi:10.1016/j.jcmg.2021.04.004 

  



               

 

 

170 

  



               

 

 

171 

Chapter 8. Influence of intracoronary 

hemodynamic forces on atherosclerotic plaque 

phenotypes 

Candreva A, Gallo D, Munhoz D, Rizzini ML, Mizukami T, Seki R, Sakai K, Sonck J, Mazzi 

V, Ko B, Nørgaard BL, Jensen JM, Maeng M, Otake H, Koo BK, Shinke T, Aben JP, Andreini 

D, Gallinoro E, Stähli BE, Templin C, Chiastra C, De Bruyne B, Morbiducci U, Collet C. 

International Journal of Cardiology. 2024 Mar 15;399:131668. Epub 2023 Dec 22. 

doi: 10.1016/j.ijcard.2023.131668. 

  



               

 

 

172 

Central illustration – Interplay between wall shear stress and intracoronary pressure patterns 

and their association with plaque phenotypes. 
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Abstract 

Background and aims: Coronary hemodynamics impact coronary plaque progression and 

destabilization. The aim of the present study was to establish the association between focal vs. 

diffuse intracoronary pressure gradients and wall shear stress (WSS) patterns with 

atherosclerotic plaque composition. 

Methods: Prospective, international, single-arm study of patients with chronic coronary 

syndromes and hemodynamic significant lesions (fractional flow reserve [FFR] ≤ 0.80). 

Motorized FFR pullback pressure gradient (PPG), optical coherence tomography (OCT), and 

time-average WSS (TAWSS) and topological shear variation index (TSVI) derived from three-

dimensional angiography were obtained. 

Results: One hundred five vessels (median FFR 0.70 [Interquartile range (IQR) 0.56-0.77]) 

had combined PPG and WSS analyses. TSVI was correlated with PPG (r = 0.47, [95% 

Confidence Interval (95% CI) 0.30-0.65], p < 0.001). Vessels with a focal CAD (PPG above 

the median value of 0.67) had significantly higher TAWSS (14.8 [IQR 8.6-24.3] vs. 7.03 [4.8-

11.7] Pa, p < 0.001) and TSVI (163.9 [117.6-249.2] vs. 76.8 [23.1-140.9] m-1, p < 0.001). In 

the 51 vessels with baseline OCT, TSVI was associated with plaque rupture (OR 1.01 [1.00-

1.02], p = 0.024), PPG with the extension of lipids (OR 7.78 [6.19-9.77], p = 0.003), with the 

presence of thin-cap fibroatheroma (OR 2.85 [1.11-7.83], p = 0.024) and plaque rupture (OR 

4.94 [1.82 to 13.47], p = 0.002). 

Conclusions: Focal and diffuse coronary artery disease, defined using coronary physiology, 

are associated with differential WSS profiles. Pullback pressure gradients and WSS profiles 

are associated with atherosclerotic plaque phenotypes. Focal disease (as identified by high 

PPG) and high TSVI are associated with high-risk plaque features. 
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Introduction 

An elevated translesional pressure gradient is considered the main biomechanical 

hallmark of atherosclerotic disease,1 and clinically has been associated with plaque 

destabilization and adverse clinical events.2 The recent introduction of pullback pressure 

gradient (PPG) allowed to quantify the distribution of intracoronary pressure decay 3,4 

promising standardization in the diagnosis of focal vs. diffuse coronary artery disease (CAD) 

and favoring the identification of vulnerable coronary lesions.5  

Besides pressure gradients, the shear action exerted at the blood-endothelium interface, 

quantifiable in terms of wall shear stress (WSS), is associated with coronary plaque nucleation, 

progression and destabilization.6 WSS characterization based on computational fluid dynamics 

(CFD) simulations applied to three-dimensional (3D) coronary vessel models identifies 

vascular segments with dysfunctional endothelial function 7 or vulnerable plaques.8-12 

Furthermore, WSS calculation predictive of plaque rupture can now be made based on 

conventional coronary angiography, potentially facilitating its use in clinical practice.13  

I n the present investigation longitudinal invasive pressure assessment, WSS profiles 

obtained from angiography-derived CFD simulations, and atherosclerotic plaque phenotype 

identification based on intracoronary optical coherence tomography (OCT) were combined to 

explore possible links between focal vs. diffuse intracoronary pressure gradients, WSS and 

atherosclerotic plaque features.  

Methods 

The workflow of the study is graphically illustrated in Figure 1.  

Study design 

The P3 study was an investigator-initiated, multicenter, prospective, single-arm study 

of patients electively referred to invasive coronary angiography (ICA). The study aimed to 

validate the accuracy of coronary computed tomography angiography-derived fractional flow 

reserve (FFRCT) planner for post-percutaneous coronary intervention (PCI) invasive FFR 

prediction. Patients were included in the P3 study if invasive distal FFR demonstrated a 

significant flow impairment (FFR ≤ 0.80). The design and results of the P3 Study are presented 

extensively elsewhere.14,15 Patients undergoing motorized FFR pullbacks, angiography-derived 

WSS and OCT were included.  

The registered study protocol (NCT03782688) was approved by the investigational 

review board or ethics committee at each participating center, and all enrolled patients provided 
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written informed consent before study procedures. The P3 study was sponsored by the Cardiac 

Research Institute Aalst (Aalst, Belgium), with unrestricted grants from HeartFlow (Redwood 

City, CA, USA) and CardioPath (University of Naples, Naples, Italy).  

Pullback Pressure Gradient 

Motorized FFR pressure pullback tracings were acquired using a pullback device 

(Volcano R100, Volcano Corporation, San Diego, USA) at a speed of 1 mm per second and 

were used for quantitative invasive translesional pressure gradients before and after PCI. 

Technically, from the FFR pullback pressure curves the PPG (a non-dimensional pullback 

FFR-based quantity ranging from 0 “diffuse disease” to 1 “focal disease”) 3was calculated with 

commercial software (CoroFlow v3.5, Coroventis Research, Uppsala, Sweden). Functional 

descriptors based on hyperemic pressure pullbacks included PPG, maximal pressure gradient 

over 20 mm (MaxPPG20mm), and length of functional disease, and are detailed in the 

Supplemental Methods.3 

Quantitative coronary angiography   

Individual coronary vessel geometries were reconstructed based on 3D quantitative 

coronary angiography (3D-QCA) using two angiographic end-diastolic frames at least 30 

degrees apart (CAAS Workstation WSS software, Pie Medical Imaging, Maastricht, The 

Netherlands). Automatic lumen contour detection was enabled, and manually corrected only if 

needed. 3D vascular models were reconstructed from vessel ostium to pressure sensor position. 

Vessels presenting ostial lesions identified in terms of minimal lumen area (MLA) located at 

≤ 20 mm distance from the ostium or presenting side branches with diameter ≥ 2.0 mm were 

excluded from the analysis. 

The lesion was quantified as percentage area stenosis (%AS) and defined as the 

coronary segment including the MLA, delimited proximally and distally by the intersection of 

the 3D-QCA diameter function line with the interpolated reference line.16 The mid lesion 

segment included the MLA section and its length was proximally and distally delimited on the 

3D-QCA reference diameter function line using a threshold value set at 60% of the hydraulic 

diameter of the MLA section relative severity value (Supplemental Figure S1). The rationale 

for the choice of this threshold lies on the supposition of a Gaussian stenosis distribution 

profile, wherein the relative severity is maximal and equal to 100% at the MLA, while the 

proximal and distal cross-sections at a relative severity of 60% subdivide the lesion segment 

into three sub-segments of equal length. 
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Blood flow simulations and wall shear stress  

Realistic CFD simulations of coronary hemodynamics were carried out on the 

reconstructed 3D vascular geometries using a finite element-based code (CAAS Workstation 

WSS software, Pie Medical Imaging, Maastricht, The Netherlands). Using CFD data, the WSS 

distribution on the luminal surface was quantified along the cardiac cycle. In details, two WSS-

based quantities, namely the time-averaged wall shear stress (TAWSS) and the recently 

proposed topological shear variation index (TSVI, a measure of the variability of the WSS 

contraction/expansion action exerted on the endothelium along the cardiac cycle), were 

computed as extensively reported in previous studies.13,17-19 TAWSS and TSVI data reported 

in the following text refer uniquely to their values averaged over the mid segment of the lesion. 

Details on CFD settings and vessel segmentation for 3D anatomical reconstructions are 

reported in the Supplemental Methods.  

Optical coherence tomography 

OCT pullbacks of 75 mm length were acquired using Dragonfly OPTIS Imaging 

Catheter (Abbott Vascular, St. Paul, MN, USA). OCT acquisitions performed after lesion pre-

dilatation were excluded from the present analysis. OCT-based plaque composition analysis 

was performed at the lesion level as extensively detailed elsewhere.20 

Statistical analysis 

The statistical analysis was performed on a per-vessel basis. The median PPG value 

was used to define groups with focal or diffuse disease. Median TAWSS and TSVI values were 

adopted to define “high or low TAWSS” and “high or low TSVI” sub-groups. 

Normality of distribution was assessed with the Shapiro–Wilk test. Continuous 

variables with normal distribution are presented as mean ± standard deviation (SD) and non-

normally distributed variables as median and inter-quartile range [IQR]. Categorical variables 

are presented as percentage. The Chi-squared test was used for comparing categorical 

variables, the Student’s t test (or Mann-Whitney test as appropriate) for continuous ones. 

Linear relationship between continuous variables was assessed using correlation coefficients. 

Uni- and multivariate generalized linear models were used to perform regression analyses on 

continuous OCT variables and PPG- or WSS-based quantities. The logistic generalized linear 

model was used in case of categorical OCT variables. Odd ratios (OR) per unit increase in the 

independent variable and their 95% confidence interval (95% CI) were obtained from the 

exponential of the standardized correlation coefficients. A p-value < 0.050 was considered 
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significant. The discriminatory capacity for high-risk plaque features of %AS, PPG, TAWSS 

and TSVI were assessed using C-statistics. Receiving operator characteristic (ROC) curves 

were compared in terms of area under the curve (AUC) and using the DeLong method.21  

All analyses were performed using R (Version 1.2.5033, R Foundation for Statistical 

Computing, Vienna, Austria) and MATLAB (Version R2022, MathWorks, Natick, MA, USA). 

Results 

Of 120 vessels (117 patients) with PPG tracings, 105 (87.5%) underwent 3D vessel 

reconstruction and WSS analysis. Of those, 51 (42.5%) had OCT pullbacks performed before 

any intracoronary intervention, Supplemental Figure S2. 

Baseline characteristics 

Baseline patient characteristics and results from the analysis of WSS and PPG data are 

reported in Table 1. Median FFR and mean PPG were 0.70 [IQR 0.56-0.77] and 0.66 ± 0.13, 

respectively. Vessels in the high PPG group exhibited significantly higher %AS, and 

significantly lower FFR. The hemodynamics in vessels presenting with high PPG (focal CAD) 

was characterized by a two-fold increase in the TAWSS and TSVI values. 

Association of CAD patterns and wall shear stress profiles 

There was an association between WSS profiles and CAD patterns, Figure 2. After 

adjustment for other lesion features such as %AS and lesion length, the independent association 

with PPG was retained only for TSVI. Results from the uni- and multivariate analysis for the 

association between CAD patterns and WSS profiles are presented in Table 2. 

Association of coronary plaque features with wall shear stress  

A summary of the investigated pre-PCI OCT-based plaque characteristics are displayed 

in Table 3 and Supplemental Table S1. The relationship between pressure gradients and WSS 

with plaque phenotype is summarized in Figure 3. Fibrocalcific plaque was the most common 

observed plaque phenotype (60.8%). Thin cap fibroatheroma (TCFA) and plaque rupture were 

more prevalent among high PPG than among low PPG vessels. TAWSS was associated with 

macrophage plaque infiltration. TSVI was associated with plaque rupture and cholesterol 

crystals. Other associations between WSS and OCT plaque features are presented in Table 4. 

The predicted capacity for identification of high risk plaque features by %AS, WSS and PPG 

are shown in the Supplemental Figure S3.  
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Association of coronary plaque features with intracoronary pressure gradients 

PPG was associated with the extension of the lipid circumferential infiltration, thin-cap 

fibroatheroma and plaque rupture, and inversely associated to the fibrous cap thickness. Other 

associations between PPG and OCT plaque features are presented in Table 4. PPG was 

associated with fibrous cap thickness independently from TAWSS and TSVI (Supplemental 

Table S2-S3). 

When combining CAD and WSS patterns, vessels presenting high PPG presented 

thinner fibrous caps, higher prevalence of TCFA and plaque rupture in both low and high 

TAWSS and TSVI conditions, see Supplemental Table S4-S5. 

The main results of the study are summarized in the Central Illustration. 

Discussion 

In this study, we addressed the inter-relationship between intravascular hemodynamic 

forces exerted by the blood and plaque composition. The main findings of the study are: (i) 

higher values of TAWSS (depicting the WSS magnitude averaged along the cardiac cycle) and 

TSVI (a measure of the contraction/expansion variability exerted by the shear forces on the 

endothelium along the cardiac cycle) were found in vessels presenting a focal rather than 

diffuse disease; (ii) focal disease and elevated shear forces were associated with high-risk 

plaque phenotypes at the OCT evaluation; (iii) vessels with a diffuse pattern of disease based 

on coronary physiology showed milder local flow disturbances and less frequently presented 

plaque vulnerability features. 

Wall shear stress and pressure gradients 

High pressure gradients across epicardial lesions have been recognized as independent 

predictors of cardiovascular events.22 In simple cases, as per Hagen-Poiseuille theory, pressure 

gradients and WSS are in direct linear relationship in cylindric conduits.23 Still, the nature of 

such a relationship becomes more intricate in coronary arteries, mainly because of anatomical 

complexity and flow pulsatility. However, because of their effect on coronary flow rate, 

pressure gradients reflect on the shear forces acting at the level of the blood-endothelium 

interface.24 The existence of such a link was confirmed by a sub-analysis from the Fractional 

Flow Reserve Versus Angiography for Multivessel Evaluation II (FAME II) trial, where 

Kumar et al. suggested that in flow-impairing lesions high TAWSS values were predictive of 

lesion destabilization and clinically overt MI.8 Moreover, high TAWSS and mostly high TSVI 

identified lesions with negative FFR leading to future adverse events,9 and showed incremental 
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power for MI prediction on top of lesion anatomical severity and translesional pressure 

gradients.13  

In the present analysis, in addition to time-averaged magnitude of WSS (TAWSS), also 

the time-dependent variability in the contraction-expansion action exerted by the shear forces 

on the endothelium was quantified by TSVI. Focal lesions (high PPG) were anatomically more 

severe than in vessels with diffuse disease (low PPG) (percentage AS = 83.73% vs 72.86%, p 

< 0.001). This more pronounced anatomical severity reflected not only on a more pronounced 

flow impairment in the focal pressure drop group with lower FFR values (0.57 vs. 0.75, p < 

0.001), but also in deranged WSS profiles at the lesion level. In fact, vessels with a focal disease 

presented elevated TAWSS and TSVI (14.78 Pa and 163.93 m-1) values, exceedingly above 

the known values associated with adverse coronary events (5-7 Pa for TAWSS and 40.5 m-1 

for TSVI).13,25 On the other hand, lesions with diffuse pressure losses presented with lower 

TAWSS and TSVI values (7.03 Pa and 76.82 m-1), and in half of cases with TAWSS values 

within the physiological range (i.e., 1-7 Pa).25 These findings suggested a more stable 

endothelial shear stress profile in lesions with diffuse disease defined by longitudinal 

intracoronary pressure assessment. 

Wall shear stress and plaque composition 

Links between adverse endothelial shear stress patterns and plaque progression have 

been described post-mortem and in vivo.7,19,26 Less well characterized is the relationship 

between WSS patterns and plaque composition. Extensive preclinical experience related WSS 

with the development of lipid-rich, inflamed or thin-capped (vulnerable) plaques.27,28 In 

humans, lower WSS areas have been associated with larger plaque burden, predicting adverse 

clinical events.29 Notably, as plaques grow sufficiently to encroach into the lumen, 

translesional pressure gradients increase and low WSS areas at the throat of the stenoses turn 

into high WSS areas, altering the hemodynamic microenvironment and increasing the risk of 

plaque destabilization and rupture.8,30 Focal intracoronary pressure gradients were previously 

associated with higher plaque burden and increased lipidic plaque components, while a diffuse 

intravascular pressure decay was associated with an increased calcific plaque component.5 In 

a prospective study based on virtual histology intravascular ultrasound (VH-IVUS), WSS 

patterns were associated with adverse alterations in plaque composition (rather than plaque 

size), pointing towards the need for a wider intracoronary flow patterns description to capture 

the complexity of plaque evolution.31 In the present study, OCT-defined plaque rupture was 
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associated with TSVI. TSVI has also been linked to the development of long-term restenosis 

after carotid endarterectomy,18 to the longitudinal coronary vessel wall thickening,19 and the 

longitudinal risk of MI.13 These studies demonstrated that TSVI represents a different 

hemodynamic signal to the endothelium with respect to TAWSS and relates to high-risk 

features previously link with adverse events.17,18 

This is consistent with the findings of the present study, where TSVI (rather than 

TAWSS) showed an association with OCT plaque characteristics. In fact, TAWSS associated 

significantly with macrophage infiltration, while TSVI with plaque rupture, cholesterol crystals 

and inversely with the thickness of the calcium component of the plaque. Finally, focal disease 

presented with larger lipid components and thinner fibrotic caps, often (subclinically) ruptured. 

These findings confirm that coronary lesions with a focal pressure gradient pattern present also 

adverse WSS features, which might synergically interplay favoring plaque destabilization and 

rupture. On the contrary, diffusely diseased vessels exhibited lower TAWSS and TSVI and a 

more favorable plaque phenotype, with lower TCFA or plaque rupture prevalence. 

Making sense of the ‘alphabet soup’ of hemodynamic quantities in focal and diffuse flow-

limiting lesions 

The observed results suggest a differential interplay between translesional pressure 

gradients, WSS and plaque composition. Lesions generating an abrupt local increase in 

epicardial resistance (high PPG, i.e. high focal pressure gradients) elicit more marked flow 

disturbances, captured by high TAWSS values, and alter the physiological topology of the 

WSS field, as documented by high TSVI values. Conceptually, while an interaction of pressure 

gradients with TAWSS was expected (see e.g. the above-mentioned simple fluid mechanics 

paradigm of Hagen-Poiseuille theory), an interaction with TSVI is not a foregone conclusion: 

the obtained results cannot be easily justifiable on the basis of very simple fluid mechanics 

examples, as they come up from the hemodynamic richness within coronary vessels presenting 

with severe lesions and in general in the presence of marked flow disturbances in arteries. 

  Nonetheless, the clustering of hemodynamic factors (focal pressure gradients and 

adverse WSS profiles) may result in a worsening of the endothelial function, unphysiological 

intra- and intercellular tensions, and the widening in the intercellular gaps.32 This favors further 

plaque infiltration while the shearing of the fibrotic cap increases, and with it the risk of plaque 

destabilization and plaque rupture when humoral forces exceed the plaque strength.6,33 For this 

reason, the presence of high translesional focal pressure gradients combined with adverse 
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plaque features may permit a refined plaque risk stratification, where pre-emptive strategies 

with sealing effect on those vulnerable plaques might be tested.34 On the other hand, flow-

impairing lesions with a diffuse pressure drop pattern might accommodate better local blood 

flow disturbances, resulting in a less vulnerable plaque phenotype. 

Limitations 

Some limitations merit consideration. First, the uncertainty inherent in the 

reconstruction of vascular geometries from angiographic images as well as the idealizations 

introduced in modelling coronary flows with CFD might have influenced the calculation of the 

considered WSS-based quantities. However, previous sensitivity studies 25,35 suggest that the 

generalization of the results can be affected only modestly. Second, given the relatively small 

sample size, a larger population is required to confirm the presented findings. In the OCT sub-

analysis, only patients with native OCT lesion crossings were considered, excluding any 

crossings after lesion manipulation. This selection ensured a genuine evaluation of native 

lesions. Nonetheless, the here investigated dataset is the first cohort combining motorized 

pressure recordings along the epicardial vessel and high resolution OCT imaging acquisitions. 

Third, the report is restricted to the description of the association between CAD patterns and 

WSS profiles, the clinical implications of these findings requires further investigation. 

Conclusions 

The present investigation related intracoronary pressure gradients with angiography-

based WSS analysis from CFD simulations and plaque composition in vessels presenting flow-

impairing lesions in the elective setting of a chronic coronary syndrome. The findings of this 

study support the hypotheses that: (i) the hemodynamic profile identified by pressure gradient 

and the WSS-based quantities TAWSS and TSVI is different in patients presenting with focal 

and diffuse CAD; (ii) the different hemodynamic profiles characterizing focal and diffuse CAD 

are associated with different atherosclerotic plaque phenotype. Taken together, these findings 

point towards a central role of adverse WSS features in the destabilization mechanisms of 

coronary lesions presenting a focal pressure drop pattern. 
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Table 1. Clinical and anatomo-functional baseline characteristics  

  

Overall 

(Patient n = 103) 

Low PPG 

(Patient n = 52) 

High PPG  

(Patient n = 51) 

p-value 

(two-sided) 

Age, years (mean ± SD) 63.85 ± 9.17 64.92 ± 8.64 62.72 ± 9.65 0.226 

Male, n (%) 85 (82.5) 44 (84.6) 41 (80.4) 0.613 

BMI, kg/m2 (mean ± SD) 26.8 ± 3.23 26.67 ± 3.44 26.67 ± 3.04 0.681 

Dyslipidemia, n (%) 78 (75.7) 39 (75.0) 39 (76.5) 1.000 

Hypertension, n (%) 57 (55.3) 27 (51.9) 30 (58.8) 0.554 

Diabetes mellitus, n (%) 22 (21.4) 12 (23.1) 10 (19.6) 0.811 

- under insulin, n (%) 4 (3.9) 4 (7.7) 0 (0.0) 0.118 

Current smoker, n (%) 20 (19.4) 11 (21.2) 9 (17.6) 0.804 

Coronary artery disease, n 

(%) 
4 (3.9) 2 (3.8) 2 (3.9) 1.000 

Peripheral artery disease, n 

(%) 
5 (4.9) 2 (3.8) 3 (5.9) 0.678 

Clinical Presentation 

  Silent ischemia,  

  n (%) 
24 (23.3) 16 (30.8) 8 (15.7) 

0.091 

  Stable angina CCS I,  

  n (%) 
33 (32.0) 19 (36.5) 14 (27.5) 

  Stable angina CCS II,  

  n (%) 
36 (35.0) 14 (26.9) 22 (43.1) 

  Stable angina CCS III,  

  n (%) 
7 (6.8) 2 (3.8) 5 (9.8) 

  Stable angina CCS IV, 

  n (%) 
1 (1.0) 1 (1.9) 0 (0.0) 

  Unstable angina, n (%) 2 (1.9) 0 (0.0) 2 (3.9) 

Creatinine Clearance, 

mL/min (mean ± SD) 
78.94 ± 22.65 74.80 ± 18.12 83.16 ± 25.99 0.061 

LVEF, % (mean ± SD) 60.14 ± 6.11 60.16 ± 7.09 60.12 ± 4.98 0.978 

Anatomical and functional characteristics 

 

Overall 

(Vessel N = 105) 

Low PPG 

(Vessel N = 53 ) 

High PPG  

(Vessel N = 52) 

p-value 

(two-sided) 

  LAD, n (%) 76 (72.4) 51 (96.2) 25 (48.1) 

< 0.001   LCX, n (%) 12 (11.4) 1 (1.9) 11 (21.1) 

  RCA, n (%) 17 (16.2) 1 (1.9) 16 (30.8) 

%AS (mean ± SD) 78.24 ± 11.64 72.86 ± 10.53 83.73 ± 10.12 <0.001 

Anatomical lesion length, 

mm (mean ± SD) 
19.48 ± 10.57 20.45 ± 10.46 18.49 ± 10.70 0.345 

FFR (median [IQR]) 0.70 [0.56-0.77] 0.75 [0.68-0.78] 0.57 [0.45-0.70] <0.001 
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Results for categorical variables are presented as count and percentage. Results for continuous 

variables are presented as mean ± standard deviation (SD) or as median and interquartile range 

(IQR). %AS = percentage area stenosis; BMI=body mass index; CCS=Canadian 

cardiovascular society;  FFR = fractional flow reserve; LVEF=left ventricle ejection fraction; 

MaxPPG20mm= maximum pressure gradients over 20 mm; PPG=pullback pressure gradient; 

TAWSS = time-averaged wall shear stress measured at the mid lesion segment (throat); TSVI 

= topological shear variation index measured at the mid lesion segment (throat).

PPG (mean ± SD) 0.66 ± 0.13 0.55 ± 0.08 0.77 ± 0.06 <0.001 

MaxPPG20mm (mean ± 

SD) 
0.27 ± 0.16 0.17 ± 0.08 0.38 ± 0.14 <0.001 

Vessel percentage with 

functional disease (mean ± 

SD) 

0.35 ± 0.20 0.39 ± 0.22 0.31 ± 0.17 0.057 

TAWSS, Pa  

(median [IQR]) 
9.93 [5.75-16.35] 7.03 [4.80-11.67] 14.78 [8.62-24.34] <0.001 

TSVI, m-1 

(median [IQR]) 
123.13 [58.39-198.03] 76.82 [23.10-140.95] 163.93 [117.56-249.22] <0.001 
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Table 2. Uni- and multivariate analyses for the association with the PPG (Vessel N = 105). 

 Univariate models 
Multivariate model 

With TAWSS 

Multivariate model 

With TSVI 

 OR 

(95% LCI to UCI) 
p-value 

OR 

(95% LCI to UCI) 
p-value 

OR 

(95% LCI to UCI) 
p-value 

- Lesion length 
0.9997 

(0.9973 to 1.0021) 
0.797 

0.9983  

(0.9963 to 1.0002) 
0.082 

0.9984  

(0.9965 to 1.0004) 
0.118 

- %AS 
1.0063 

(1.0045 to 1.0081) 
<0.0001 

1.0056  

(1.0035 to 1.0077) 
<0.0001 

1.0052  

(1.0030 to 1.0074) 
<0.0001 

- TAWSS 
1.0046 

(1.0026 to 1.0065) 
<0.0001 

1.0020 

(0.9999 to 1.0040) 
0.059 - - 

- TSVI 
1.0006 

(1.0004 to 1.0008) 
<0.0001 - - 

1.0003 

(1.0000 to 1.0005) 
0.030 

 

The PPG is assumed as continuous quantitative variable. Univariate models: PPG vs. anatomical lesion length, PPG vs. percentage area stenosis 

(%AS); PPG vs. TAWSS or TSVI. Multivariate models: PPG vs. anatomical lesion length + %AS + TAWSS or TSVI. OR = odds ratio of the 

univariate or multivariate analysis; 95% LCI to UCI = 95% lower and upper confidence intervals. %AS = percentage area stenosis; TAWSS = 

time-averaged wall shear stress measured at the mid lesion segment (throat); TSVI = topological shear variation index measured at the mid lesion 

segment (throat). 
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Frequencies of coronary plaque features independently adjudicated from optical coherence 

tomography (OCT) acquisition before any percutaneous coronary intervention (PCI). Results 

for categorical variables are presented as count and percentage. Results for continuous 

variables are presented as median and interquartile range (IQR). TCFA = Thin-cap fibrous 

atheroma. 

 

Table 3. Optical coherence tomography (OCT) plaque analysis before PCI (Vessel N = 51). 

 Total 

(Vessel N = 51) 

Low PPG 

(Vessel N = 38) 

High PPG 

(Vessel N = 13) 

p-value 

(two-sided) 

Lipid-rich plaque, n (%) 29 (56.9) 20 (52.6) 9 (69.2) 0.297 

Lipid-rich plaque ≥ 180°, n (%) 21 (41.2) 14 (36.8) 7 (53.8) 0.282 

Lipidic arc, degree (°) 

(median [IQR]) 
205 [143 – 237] 203 [126 – 235] 267 [182 – 360] 0.107 

Calcific plaque, n (%) 42 (82.4) 31 (81.6) 11 (84.6) 0.804 

Calcium thickness, mm 

(median [IQR]) 
0.89 [0.73 – 1.16] 0.89 [0.73 – 1.20] 0.90 (0.68 – 1.16] 0.933 

Calcium arc, degree (°) 

(median [IQR]) 
140 [86 – 308] 139 [80 – 308] 206 [94 – 360] 0.107 

Fibrocalcific plaque, n (%) 31 (60.8) 25 (65.8) 6 (46.2) 0.211 

Fibrous cap thickness, µm 

(median [IQR]) 
77.0 (61.0 – 99.0) 91.0 (66.5 – 105.5) 61.0 (54.0 – 71.0) 0.005 

TCFA, n (%) 11 (21.6) 5 (13.2) 6 (46.2) 0.013 

Plaque rupture, n (%) 13 (25.5) 7 (18.4) 6 (46.2) 0.048 

Macrophage, n (%) 14 (27.5) 10 (26.3) 4 (30.8) 0.756 

Cholesterol crystals, n (%) 21 (41.2) 14 (36.8) 7 (53.8) 0.282 
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Table 4. Association between TAWSS, TSVI or PPG and OCT plaque phenotypes (Vessel N = 51). 

OR = Odds ratio of the univariate analysis; 95% LCI to UCI = 95% lower and upper confidence intervals. PPG = pullback pressure gradients; 

TAWSS = time-averaged wall shear stress measured at the mid lesion segment (throat); TCFA Thin-cap fibrous atheroma; TSVI = topological 

shear variation index measured at the mid lesion segment (throat).

OCT-based plaque feature 

TAWSS Mid TSVI Mid PPG 

OR 

(95% LCI to UCI) 
p-value 

OR 

(95% LCI to UCI) 
p-value 

OR 

(95% LCI to UCI) 
p-value 

Lipid-rich plaque ≥ 180° 0.935 (0.846 to 1.033) 0.176 1.002 (0.994 to 1.010) 0.702 3.171 (1.021 to 9.845) 0.046 

Lipidic arc 0.153 (0.004 to 5.677) 0.296 1.195 (0.830 to 1.720) 0.327 7.776 (6.186 to 9.773) 0.003 

Calcific plaque 1.111 (0.925 to 1.334) 0.251 1.004 (0.995 to 1.014) 0.373 1.052 (0.422 to 2.625) 0.911 

Calcium thickness 0.988 (0.973 to 1.002) 0.094 0.998 (0.997 to 0.999) 0.032 0.548 (0.195 to 1.541) 0.247 

Calcium arc 0.990 (0.962 to 1.019) 0.611 1.000 (0.998 to 1.002) 0.756 2.021 (0.378 to 10.796) 0.401 

Fibrocalcific plaque 0.967 (0.865 to 1.081) 0.540 0.994 (0.986 to 1.002) 0.135 0.309 (0.094 to 1.009) 0.052 

Fibrous cap thickness 1.000 (0.999 to 1.001) 0.964 1.000 (0.999 to 1.000) 0.562 0.898 (0.845 to 0.954) 0.001 

TCFA 0.999 (0.873 to 1.146) 0.999 1.000 (0.993 to 1.008) 0.907 2.847 (1.112 to 7.825) 0.029 

Plaque rupture 1.043 (0.913 to 1.192) 0.523 1.012 (1.001 to 1.024) 0.024 4.943 (1.815 to 13.465) 0.002 

Macrophage 1.154 (1.021 to 1.304) 0.018 1.010 (0.999 to 1.020) 0.061 1.008 (0.339 to 2.995) 0.988 

Cholesterol crystals 1.131 (0.980 to 1.304) 0.084 1.008 (1.000 to 1.015) 0.041 1.293 (0.378 to 4.430) 0.676 
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Figure 1 – Study workflow.  

The present sub-analysis of the Precise PCI Plan (P3) study investigated coronary lesions with a pathological fractional flow reserve (FFR ≤ 0.80) 

with motorized pullback pressure gradient (PPG). From the PPG, lesions were classified as presenting a focal functional pattern (PPG above the 

median value) or as presenting a diffuse functional pattern (PPG below the median value). Next, angiography-based three-dimensional vessel 

reconstructions were obtained from two angiographic projections and used to run computational fluid dynamics (CFD) simulations with the 

measurement of time-averaged wall shear stress (TAWSS) and topological shear variation index (TSVI) at the level of the throat of the lesion. In 

parallel, pre-PCI optical coherence tomography (OCT) acquisitions of each lesion were independently assessed for the adjudication of plaque 

composition and vulnerability features. Finally, association between functional parameters (derived from the PPG and WSS analyses) and anatomical 

parameters (derived from the quantitative angiography and the OCT analyses) was statistically investigated. TCFA = thin-cap fibrous atheroma; MF 

= macrophage infiltration. 
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Statistical Analysis

HIGH vs. LOW PPG
Focal vs. diffuse functional pattern

TAWSS (in Pa)
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Figure 2 – Linear correlation between intracoronary pressure gradients and translesional shear 

forces.  

 

 
  

X-axis “PPG-Index” = pullback pressure gradient index. Panel A) Y-axis “Mid TAWSS” = 

time-averaged wall shear stress measured at the mid lesion segment (throat). Panel B) Y-axis 

“Mid TSVI” = topological shear variation index measured at the mid lesion segment (throat).  
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Figure 3 – Interplay between intracoronary hemodynamics and plaque composition.  

  

 

Lesions with a diffuse pressure drop (left panel “diffuse CAD”) presented milder local flow 

disturbances and less frequently high risk plaque phenotypes. Conversely, lesions presenting a 

focal pressure drop (right panel “focal CAD”) had increased local flow disturbances and were 

associated with the presence of macrophage infiltration, plaque rupture (white arrow) and 

cholesterol crystals at the pre-PCI optical coherence tomography assessment. PPG = pullback 

pressure gradient. 
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Abstract 

Background: Coronary artery disease (CAD) patterns play an essential role in the decision-

making process about revascularisation. The pullback pressure gradient (PPG) quantifies CAD 

patterns as either focal or diffuse based on fractional flow reserve (FFR) pullbacks. The 

objective of this study was to evaluate the impact of CAD patterns on acute PCI results 

considered surrogates of clinical outcomes. 

Methods: Prospective, multicenter study of patients with hemodynamically significant CAD 

undergoing PCI. Motorized FFR pullbacks and optical coherence tomography (OCT) were 

performed before and after PCI. Post-PCI FFR greater than 0.90 was considered an optimal 

result. Focal disease was defined as PPG >0.73.  

Results: Overall, 113 patients (116 vessels) were included. Patients with focal disease (PPG 

>0.73) were younger than those with diffuse CAD (61.4±9.9 vs. 65.1±8.7 years, p-

value=0.042). PCI in vessels with high PPG (focal CAD) was associated with higher post-PCI 

FFR (0.91±0.07 focal vs. 0.86±0.05 diffuse, p<0.001) and larger minimal stent areas (MSA) 

(6.3±2.3 mm2 focal vs. 5.3±1.8 mm2 diffuse, p-value=0.015) than diffuse CAD. The PPG was 

associated with the change in FFR with PCI (R2 = 0.51, p <0.001). The PPG significantly 

improved the capacity to predict optimal functional PCI results compared to the angiographic 

assessment of CAD patterns (AUCPPG 0.81, 95% CI 0.73 to 0.88 vs. AUCangio 0.51, 95% CI 

0.42 to 0.60; p-value <0.001). 

Conclusion: PCI in vessels with focal disease defined by the coronary physiology resulted in 

greater improvement in epicardial conductance and larger MSA compared to diffuse disease. 

PPG, but not angiographically defined CAD patterns, distinguished patients attaining superior 

procedural outcomes.  
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Introduction 

The success of percutaneous coronary intervention (PCI) is assessed immediately after 

stent implantation using angiography or intravascular imaging. Large stent luminal areas with 

adequate stent expansion have been associated with improved prognosis. 1,2Coronary 

physiology can also be used to assess PCI results by measuring post-PCI fractional flow reserve 

(FFR). Improvement in FFR after PCI has been associated with angina relief. 3,4Furthermore, 

both minimal stent area (MSA) and post-PCI FFR have been identified as independent 

predictors of target vessel failure. 5,6 

Characterizing coronary artery disease (CAD) patterns plays a central role in the 

management of patients with stable CAD as treatment options may be more suited for a 

particular disease phenotype. The pattern of CAD, i.e., focal or diffuse, has been shown to 

influence revascularization treatment decisions. Diffuse disease is considered a marker of poor 

prognosis with limited treatment options and is one of the underlying mechanisms of persistent 

angina after PCI. 7In contrast, PCI in focal CAD improves myocardial perfusion and relieves 

angina. 8While results of PCI may be logically influenced by CAD patterns, the impact of 

diffuse or focal CAD on the efficacy and safety of PCI still remains poorly understood. One of 

the reasons is the lack of a reproducible metric standardizing the diagnosis of focal and diffuse 

CAD. 

Pathophysiological patterns of CAD can be distinguished into focal and diffuse using 

hyperaemic intracoronary pressure pullbacks recordings. The pullback pressure gradient (PPG) 

provides a novel index based on FFR pullback curves that quantify CAD patterns. PPG values 

close to 1 represent focal disease, while PPG approaching 0 characterize diffuse disease. 9PCI, 

a focal therapy for CAD, might be of its highest benefit in vessels with high PPG. We 

investigated the effect of PCI in patients with focal and diffuse CAD defined by the PPG in 

terms of procedural outcomes considered surrogates of adverse events. 

Methods 

The data that support the findings of this study are available from the corresponding 

author upon reasonable request. 

Study design 

This substudy is a pre-defined analysis of the Precise PCI Plan (P3), whose study 

design and main results have been reported elsewhere. 10Briefly, the P3 study was a 

prospective, investigator-initiated, multicenter study of patients with stable CAD referred for 

PCI. Patients with a significant epicardial lesion based on an FFR ≤0.80 were considered for 
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inclusion. Patients underwent an invasive protocol using motorized FFR pullbacks recordings, 

and optical coherence tomography (OCT) was performed both before and after PCI. Patients 

with severely calcified vessels, bifurcation or ostial lesions, left main disease, severe vessel 

tortuosity, previous revascularization, and atrial fibrillation were excluded. 11The study 

protocol was approved by the institutional review board or ethics committee at each 

participating center. All patients signed informed consent. Invasive anatomical and functional 

data were analyzed by a core laboratory (CoreAalst BV, Aalst, Belgium). The protocol was 

registered under NCT03782688. The study was sponsored by the Cardiac Research Institute 

Aalst (Aalst, Belgium). 

To test the hypothesis that PCI offers the greatest benefit to patients with focal CAD, 

we divided the population into PPG tertiles and considered the highest third as focal disease. 

The intermediate and lower PPG tertiles comprising patients with diffuse and combined (focal 

and diffuse) CAD were considered diffuse disease.  

The study objective was to compare the success of PCI in focal and diffuse CAD defined 

functionally by measuring post-PCI FFR and morphologically assessing MSA.  

Fractional Flow Reserve Pullbacks  

FFR measurements were performed adhering to published standards. 12The pressure 

wire sensor was positioned in a distal coronary segment >2 mm in diameter by visual 

estimation. A continuous intravenous adenosine infusion was given at a dose of 140 

mcg/kg/min via a peripheral or central vein for at least 2 minutes. A pullback device (Volcano 

R 100, San Diego, California), adapted to grip the coronary pressure wire (PressureWire X, 

Abbott Vascular, St. Paul, MN, USA), was set to pull back the pressure wire at a speed of 1 

mm/s during continuous recording. If drift >0.03 was observed, the hyperaemic pullback was 

repeated. To account for baseline disease severity, functional gain (defined as the difference 

between post- and pre-PCI FFR divided by 1 minus pre-PCI FFR) assessed the physiologic 

improvement from PCI. Post-PCI FFR greater than 0.90 was considered an optimal result. 13 

Characterization of CAD patterns 

The PPG calculation has been described in detail elsewhere. 9In brief, PPG is calculated 

by combining two parameters extracted from FFR pullback curves: the maximal pressure 

gradient over 20% of the pullback duration; and the relative length of functional disease. PPG 

values close to 1 represent focal disease, and close to 0 indicate diffuse CAD. PPG was 

calculated offline from FFR pullbacks using a commercially available console (Coroflow v3.5, 

Coroventis Research, Uppsala, Sweden). 
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In addition, coronary angiograms were analyzed blinded to the clinical and 

physiological data to determine the anatomical pattern of CAD, adjudicated visually as focal 

or diffuse by two independent observers (HO and KS). Based on angiography, focal lesions 

were defined as lesions ≤20 mm in length. 9 

Optical Coherence Tomography analysis 

OCT pullbacks of 75 mm were acquired using the Dragonfly OPTIS Imaging Catheter 

(Abbott Vascular, St. Paul, MN, USA) and performed before and after PCI. An automated 

algorithm defined minimal lumen area (MLA) and MSA. Cases in which OCT was performed 

after pre-dilatation were excluded from analyses necessitating MLA information. Stent 

expansion was defined as the ratio between MSA and average reference lumen areas. OCT 

images were analyzed using CAAS Intravascular version 2.1 (Pie Medical Imaging, 

Maastricht, The Netherlands). 

Procedure and Clinical Outcomes 

PCI was guided by FFR and OCT, including both physiology and imaging for stent 

optimization. Optimal procedural results were defined as MSA > 5.5 mm2 and post-PCI FFR 

>0.90. Latest-generation drug-eluting stents (DES) were implanted. Cardiac biomarkers and 

an electrocardiogram were collected 6 to 24 h after the procedure. To allow for comparison 

among different troponin assays, values were normalized to the assay-specific 99th percentile 

upper reference limit (URL). Clinical follow-up was collected at 1-year. Prognostically 

relevant major periprocedural myocardial injury was defined as post-PCI troponin >5× 99th 

percentile URL.14 Periprocedural myocardial infarction was defined according to the fourth 

universal definition of myocardial infarction (MI), 15Target vessel failure (TVF) was defined 

as cardiac death, target vessel myocardial infarction (TVMI) and ischemia driven target vessel 

revascularization (IDTVR), as independently adjudicated by a clinical events committee.  

Statistical analysis 

Continuous variables with normal distribution are presented as mean ± standard 

deviation and non-normally distributed variables as median [interquartile range]. Categorical 

variables are presented as counts and percentages. T-tests or Mann-Whitney U tests were used 

to compare groups according to the distribution of the variables. Pearson correlation 

coefficients assessed the relationship between variables. The agreement between angiography 

and physiology regarding CAD patterns (focal vs. diffuse) was assessed using Cohen’s Kappa. 

The area under the receiving operating characteristic (ROC) curve (AUC) quantified the 

predictive capacity of PPG for MSA (cutoff 5.5 mm2) and post-PCI FFR (cutoff 0.90). The De 
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Long method was used to compare AUC. Multiple linear regression models adjusted by (vessel 

type, lesion length, FFR, and PPG) were used to assess the independent predictors of post-PCI 

FFRUnadjusted logistic regression analysis examined the association between the PPG and 

TVF. For the outcome analysis, patients with more than one treated vessel were classified 

according to the lowest PPG value. All analyses were performed using R statistical software 

(R Foundation for Statistical Computing, Vienna, Austria). 

Results 

From February 2019 to December 2020, 113 patients (116 vessels) were included from 

five centers in five countries. The mean age was 63.9±9.2 years, 80% were men, and 23% were 

diabetics. Most patients (98%) presented with stable CAD. The study flowchart is shown in 

Figure 1. Patient characteristics in the overall population and stratified by CAD patterns are 

shown in Table 1. Mean PPG was 0.66±0.30 (median 0.66, IQR [0.55, 0.75]). Physiological 

pattern was dichotomised as focal and diffuse CAD based on the highest PPG tertiles (threshold 

0.73). Patients with diffuse disease were older (61.4±9.9 years vs. 65.1±8.7 years, p-

value=0.042) and tended to have reduced renal function (creatinine clearance 85.5±27.6 

ml/min vs. 76.5±21.1 ml/min; p-value=0.066) compared to patients with focal CAD. Other 

baseline clinical characteristics were similar between patients with focal and diffuse CAD 

(Table 1). 

The LAD was more frequently associated with the presence of diffuse disease (Table 

2). Mean diameter stenosis was higher in focal compared to diffuse disease (59.9±11.2% vs. 

47.3±13.7%, p-value<0.001). Similarly, patients with focal CAD had more severe hyperaemic 

pressure loss (FFR 0.58±0.15 vs. 0.70±0.11, p-value<0.001). Baseline angiographic, OCT, and 

functional characteristics stratified by focal and diffuse CAD are shown in Table 2. On average, 

patients received 1.25±0.5 stents with no differences between disease phenotypes. Total stent 

length was longer for vessels with diffuse CAD (29.7±13.2 mm focal vs. 37.2±15.8 mm 

diffuse, p=0.012), whereas mean stent diameter did not differ (3.25±0.95 focal mm vs. 

3.03±0.42 mm diffuse, p-value=0.081). There were no differences between groups in rates of 

pre-or post-dilatation (Table 3). 

Post-PCI Intravascular Imaging Findings by CAD Pattern 

Overall, the mean MSA was 5.65±2.03 mm2 (Supplemental material Figure S1), but 

focal disease was associated with larger MSA compared to diffuse CAD (6.3±2.3 mm2 vs. 

5.3±1.8 mm2, p-value=0.015). Moreover, analyzing both as continuous variables, there was a 

significant and weak correlation between the PPG and MSA (r = 0.25, 95% CI 0.06 to 0.42, 
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p=0.012). Likewise, acute lumen area gain was higher in patients with focal CAD (5.6±2.1 

mm2 vs. 3.5±1.6 mm2, p-value<0.001; and r=0.46, 95% CI 0.24 to 0.64, p<0.001; Figure 2). 

Stent expansion was similar between focal and diffuse disease (84±13% vs. 79±19%, p=0.254). 

Post-PCI stent edge dissections were more frequently observed in patients with diffuse disease 

(5.4% [2/37] focal vs. 15.4% [10/65] diffuse, p=0.10); however, this finding did not reach the 

statistical threshold for significance. 

Post-PCI Physiologic findings by CAD Pattern 

Mean post-PCI FFR was 0.88±0.06 (Supplemental material Figure S2), but focal 

disease achieved significantly higher post-PCI FFR than cases with diffuse CAD (0.91±0.07 

vs. 0.86±0.05, p<0.001, Figure 3). There was a significant and modest correlation between the 

pre-PCI PPG and post-PCI FFR (r = 0.51, 95% CI 0.37 to 0.64, p<0.001). PPG predicted post-

PCI FFR >0.90 with an AUC of 0.81 (95% CI 0.73 to 0.88, best PPG cutoff of 0.60). A higher 

proportion of patients with focal CAD achieved a post-PCI FFR >0.90 compared to diffuse 

disease (57% focal vs. 23% diffuse, p-value=0.001). In multivariable analysis, PPG and the 

LAD emerged as independent predictors of post-PCI FFR (Supplementary Material Table S1). 

Functional gain was also significantly higher in patients with focal versus diffuse disease 

(0.33±0.14 vs. 0.17±0.12, p<0.001). The change in FFR with PCI was largely determined by 

the PPG (R2 = 0.51, p <0.001). Changes in lumen area with PCI correlated with changes in 

FFR (r = 0.39, 95% CI 0.15 to 0.58, p=0.002). PCI in cases of diffuse CAD was associated 

with smaller improvements in both FFR and MSA. PCI in vessels with focal disease resulted 

in higher post-PCI FFR and larger MSA. Patients with diffuse CAD had a higher rate of 

clustered morphological and functional suboptimal results (Figure 4). 

Comparison between angiographic and functional patterns of CAD 

Based on angiography, 67% (78/116) of the patients exhibited focal CAD. The 

agreement between anatomy and physiology for the CAD pattern was slight (Cohen’s Kappa 

0.15, 95% CI 0.01 to 0.29). Compared to the angiographic assessment of CAD patterns, the 

PPG significantly improved the capacity to predict optimal functional PCI results (AUCPPG 

0.81, 95% CI 0.73 to 0.88 vs. AUCangio 0.51, 95% CI 0.42 to 0.60; p-value <0.001; 

Supplemental material Figure S3). Case examples of focal and diffuse disease are shown in 

Figure 5.  

Clinical outcomes in patients with focal and diffuse CAD 

After 12 months, the TVF rate was 16.8% and did not differ between patients with focal 

and diffuse disease (OR 0.85, 95% CI 0.58 to 1.24; Table 4). Post-procedural troponin values 
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were higher in patients with diffuse compared to focal CAD (normalized post-PCI troponin 

0.99 [0.36, 3.66] focal vs 2.59 [1.03, 11.46] diffuse, p=0.037; Supplemental Material Figure 

S4). The rate of peri-procedural MI, according to the 4th universal definition, was comparable 

between patients with focal and diffuse CAD (19% diffuse vs. 10% focal, p=0.35). 

Discussion 

The pressure pullback gradient (PPG) – a novel metric that characterizes CAD patterns 

– identified patients in whom PCI resulted in superior procedural success. PCI in vessels with 

high PPG (focal disease) was associated with higher functional gain, higher post-PCI FFR, and 

larger MSA compared to vessels with low PPG (diffuse disease). The main determinant of 

functional improvement with PCI was the CAD pattern at baseline. Furthermore, CAD patterns 

based on coronary physiology increase the predictive capacity for optimal functional PCI 

results compared to the angiographic assessment alone.  

Revascularization is considered appropriate when guided by the presence of ischemia. 

16Similarly important is the evaluation of CAD patterns (focal or diffuse). Coronary physiology 

with longitudinal vessel assessment can distinguish focal vs. diffuse CAD. Pullback maneuvers 

can be performed during resting and hyperemic conditions to inform about the functional 

pattern of disease. The main added value of PPG over other pullback technologies (e.g., 

instantaneous wave-free ratio) is the quantification of the CAD pattern on a scale from 0 to 1, 

which may facilitate interpretation and its use for clinical decision-making. PPG is the first 

physiologic metric to quantify atherosclerosis distribution and leverages intracoronary pressure 

gradients unmasked during hyperaemic conditions. Characterizing disease patterns using 

coronary physiology reclassifies up to one-third of patients compared to invasive angiography. 

9The presence of large, focal pressure gradients is the hallmark of focal CAD with high PPG 

values; conversely, their absence results in low PPG and typifies diffuse disease. In this way, 

PPG adds a second dimension to classical FFR measurements by providing information about 

the distribution of epicardial resistance. Thus, PPG appears useful after the hemodynamic 

significance of the total epicardial vessel has been established to further understand the 

appropriateness of PCI. 

Minimal stent area (MSA) and post-PCI FFR carry prognostic information following 

PCI. 2,5Post-PCI MSA is a strong predictor of DES failure. Small MSA is associated with DES 

restenosis, stent thrombosis, and target lesion revascularisation. 2,6,17MSA has been used as a 

surrogate endpoint in clinical trials. In practice, intravascular imaging has been recommended 

to safely achieve the largest stent lumen possible. 18Likewise, low post-PCI FFR has been 
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associated with adverse clinical outcomes in several randomized and observational studies. 

5,19Low post-PCI FFR has been associated with an increased risk of target vessel 

revascularization, myocardial infarction, and cardiac death. 19-21Similar to MSA, post-PCI FFR 

has been proposed as a target for PCI optimization. 4The present study provided a unique 

opportunity to assess changes in morphological and physiological parameters. Sub-optimal PCI 

results based on intravascular imaging (MSA ≤5.5 mm2) and physiology (post-PCI FFR ≤0.90) 

were observed in 40% and 55% of patients, respectively. Furthermore, the presence of both 

suboptimal imaging and functional findings were observed in 44% of the cases, and suboptimal 

PCI criteria were clustered in patients with diffuse CAD (58% diffuse vs. 19% focal, p-

value<0.001). Nonetheless, it should be highlighted that in the present study, there was no 

difference in clinical outcomes between patients with focal and diffuse disease defined by the 

PPG.   

The associations among CAD patterns quantified by PPG, MSA, and post-PCI FFR 

were also observed when PPG was used as a continuous variable, suggesting that PPG should 

be interpreted as a continuous metric rather than using a dichotomous approach. The 

mechanisms underlying the association between low PPG and suboptimal PCI results relate to 

both the stented and non-stented segments. In diffusely diseased vessels, lumen reduction due 

to atherosclerosis leads to smaller MSA.22,23 On the other hand, the main contributor to low 

post-PCI FFR was the presence of pressure losses proximal and distal to treated lesions. 8,24Of 

note, the rate of stent edge dissections was higher in vessels with low PPG. This has been 

related to diffuse atherosclerosis present at stent edges. 7OCT detection of stent edge 

dissections has also been identified as a major predictor of major adverse clinical outcomes at 

mid and long-term follow-up. 6 

Peri-procedural MI is one of the shortcomings of PCI. In the ISCHEMIA study, PCI-

related MI (i.e., type 4a according to the 4th universal definition) significantly influenced the 

results of the study, offsetting the reduction in spontaneous MI observed with an invasive 

strategy. 2526 Consequently, strategies aiming at reducing peri-procedural PCI risk could 

translate into patient benefit. Compared to focal CAD, PCI in diffusely diseased vessels usually 

requires longer and more stents, thereby increasing the risk of side branch(es) occlusion and 

stent-induced dissection. In the present study, patients with diffuse disease, defined by a PPG 

< 0.60, had significantly higher troponin levels after PCI and had a trend towards higher rates 

of major peri-procedural injury (35% vs. 18%, p=0.09) which in turn have been associated with 

adverse long-term outcomes. 14However, there was no difference in the rate of peri-procedural 
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MI (defined by the 4th universal definition) between patients with focal and diffuse CAD. It 

can be hypothesized that a strategy of thoughtful PCI in vessels with high PPG while deferring 

PCI in vessels with diffuse disease may increase procedural safety by reducing PCI-related 

myocardial injury. 

Despite the long-standing awareness of the adverse scenario that diffuse CAD poses 

for PCI, differentiation of CAD patterns in clinical practice remains suboptimal, partly related 

to the lack of standardized criteria. Coronary pressure pullbacks have been used since the early 

days of interventional cardiology because they help in depicting the distribution of epicardial 

resistance and select an optimal interventional strategy. 27The advent of PPG quantifies the 

stratification of patients with hemodynamically significant lesions into focal or diffuse CAD 

using a scale from 0 to 1. PPG is an objective, operator-independent method that can be 

obtained with high reproducibility after manual FFR pullback maneuvers.28 This additional 

level of disease discrimination opens the door for personalized management of patients with 

CAD. Based on the results of the present study, patients with high PPG appear to derive the 

greatest benefit from PCI. Long-term follow-up in a larger population is required to assess 

whether patients with focal disease have an improved prognosis after PCI compared to those 

with diffuse CAD. This is currently being investigated in the PPG Global registry 

(NCT04789317), where approximately 1,000 subjects undergoing PCI will be assessed by the 

PPG and will be followed clinically for three years. 

Limitations 

First, a relatively small number of patients was included; this resulted in limited 

statistical  powered to assess differences in clinical outcomes between focal and diffuse CAD. 

Nonetheless, we evaluated post-PCI FFR and MSA, two surrogate markers of adverse events 

after PCI. Second, motorized FFR pullbacks were used for the PPG calculation, which is 

unpractical for daily practice. However, the PPG can be similarly derived from manual FFR 

pullbacks with excellent reproducibility.28 Third, the definition of focal CAD was based on the 

highest tertile of the PPG distribution rather than a threshold derived from clinical endpoints. 

The investigation of a PPG cutoff and the clinical impact of focal and diffuse CAD in a larger 

population is currently ongoing in the PPG Global study (NCT04789317).  

Conclusion 

PCI in patients with focal CAD defined by the PPG resulted in greater improvement in 

FFR and larger MSA compared to patients with diffuse disease. Optimal PCI results (high post-

PCI FFR and large MSA) were clustered in patients with focal disease. By identifying patients 
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attaining superior procedural outcomes before PCI, the PPG may be useful in enhancing 

patients’ selection for revascularization. Further randomized clinical trials are required to 

investigate the value of a PPG-guided PCI strategy.   
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Table 1. Patient characteristics 

Variables  Overall  
Diffuse 

CAD 
Focal CAD  

p-

value* 

Number of patients 113 74 39  

Age (yrs), mean ± SD 63.9±9.2 65.1±8.7 61.4±9.9 0.042 

Sex (Male), n (%) 90 (79.6%) 62 (81.6%) 28 (75.7%) 0.629 

Weight (kg), mean ± SD 80.7 ± 13.2 79.6 ± 13.0 83.0 ± 13.3 0.207 

Height (cm), mean ± SD 172.8 ± 9.2 172.5 ± 9.8 173.3 ± 7.7 0.661 

BMI, mean ± SD 27.0 ± 3.4 26.7 ± 3.2 27.5 ± 3.7 0.203 

Dyslipidemia, n (%) 88 (77.9%) 60 (78.9%) 28 (75.7%) 0.879 

Hypertension, n (%) 65 (57.5%) 40 (52.6%) 25 (67.6%) 0.192 

Diabetes mellites, n (%) 26 (23.0%) 18 (23.7%) 8 (21.6%) 0.995 

Current smoker, n (%) 24 (21.2%) 16 (21.1%) 8 (21.6%) 1.000 

Prior PCI, n (%) 6 (5.3%) 4 (5.3%) 2 (5.4%) 1.000 

Peripheral artery 

disease, n (%) 
5 (4.4%) 3 (3.9%) 2 (5.4%) 1.000 



               

 

 

207 

Previous stroke, n (%) 4 (3.5%) 4 (5.3%) 0 (0.0%) 0.380 

Clinical presentation, n 

(%) 
   0.144 

Silent ischemia 27 (23.9%) 22 (28.9%) 5 (13.5%)  

Stable angina CCS I 35 (31.0%) 26 (34.2%) 9 (24.3%)  

Stable angina CCS II 41 (36.3%) 23 (30.3%) 18 (48.6%)  

Stable angina CCS III 7 (6.2%) 3 (3.9%) 4 (10.8%)  

Stable angina CCS IV 1 (0.9%) 1 (1.3%) 0 (0.0%)  

Unstable angina 2 (1.8%) 1 (1.3%) 1 (2.7%)  

Creatinine (mg/dl), 

mean ± SD 
0.94 ± 0.20 0.94 ± 0.19 0.94 ± 0.22 0.975 

Creatinine Clearance, 

mean ± SD 
79.4 ± 23.6 76.5 ± 21.1 85.5 ± 27.6 0.066 

Left ventricular ejection 

fraction (%), mean ± SD 
60.1 ± 6.1 60.3 ± 6.5 59.8 ± 5.3 0.735 

* For the comparison between focal and diffuse. Continuous variables were compared using 

T-tests and categorical variables using chi-square. 
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Table 2. Baseline angiographic, OCT, and functional characteristics stratified by disease 

pattern. 

Variables  Overall  
Diffuse 

CAD 
Focal CAD  

p-

value* 

Number of vessels 116 77 39  

Vessel (%)    <0.001 

LAD 87 (75.0%) 69 (89.6%) 18 (46.2%)  

LCX 13 (11.2%) 4 (5.2%) 9 (23.1%)  

RCA 16 (13.8%) 4 (5.2%) 12 (30.8%)  

Baseline QCA      

Lesion length (mm), mean 

± SD 
23.7±12.9 25.6±13.4 19.9±11.3 0.026 

Reference lumen diameter 

(mm), mean ± SD  
2.7±0.5 2.7±0.5 2.7±0.5 0.928 

Reference lumen area 

(mm2), mean ± SD  
6.0±2.2 6.0±2.3 5.9±2.1 0.887 

Minimal lumen diameter 

(mm), mean ± SD  
1.31±0.44 1.43±0.43 1.1±0.4 <0.001 
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Minimal lumen area 

(mm2), mean ± SD  
1.5±1.0 1.7±1.06 1.0±0.7 <0.001 

Diameter stenosis (%), 

mean ± SD  
51.5±14.2 47.3±13.7 59.9±11.2 <0.001 

Baseline OCT      

Number of vessels 103 71 32  

Distal reference lumen 

area (mm2), mean ± SD 
5.6±2.4 5.4±2.4 6.1±2.5 0.182 

Proximal reference lumen 

area (mm2), mean ± SD 
8.2±3.5 8.1±3.5 8.4±3.4 0.700 

Lesion length (mm) 30.8±3.9 32.4±14.1 27.2±12.9 0.084 

Minimal lumen area 

(mm2), mean ± SD** 
1.7±0.7 1.9±0.8 1.4±0.6 0.020 

Baseline Physiology      

FFR, mean ± SD 0.66±0.13 0.70±0.11 0.58±0.2 <0.001 

PPG, mean ± SD 0.66±0.13 0.58±0.09 0.80±0.06 <0.001 

* For the comparison between focal and diffuse. Continuous variables were compared using 

T-tests and categorical variables using chi-square. ** Available for 67 vessels (55 diffuse and 

12 focal) before pre-dilation.   
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Table 3. Procedural characteristics stratified by disease pattern. 

Variables Overall Diffuse CAD Focal CAD p-value* 

Number of vessels 116 77 39  

Procedural characteristics     

Number of stents, mean ± SD 1.3±0.5 1.3±0.6 1.2±0.4 0.290 

Total stent length (mm), mean 

± SD 
34.7±15.4 37.2±159 29.7±13.2 0.012 

Stent diameter (mm), mean ± 

SD 
3.1±0.7 3.03±0.42 3.25 ± 0.95 0.081 

Pre-dilatation, n (%) 102 (87.9%) 67 (87.0%) 35 (89.7%) 0.901 

Post-dilatation, n (%) 106 (91.4%) 69 (89.6%) 37 (94.9%) 0.546 

Post-PCI QCA     

Reference lumen diameter 

(mm), mean ± SD 
2.87±0.48 2.85±0.47 2.91±0.49 0.501 

Minimal stent diameter (mm), 

mean ± SD 
2.79±0.46 2.74±0.42 2.87±0.52 0.160 

Residual diameter stenosis 

(%), mean ± SD 
2.49±10.51 3.19±10.09 1.10±11.31 0.313 

Post-PCI OCT     

Number of vessels 102 65 37  

Minimal stent area (mm2), 

mean ± SD 
5.64±2.04 5.27±1.79 6.29±2.30 0.015 

Distal reference lumen area 

(mm2), mean ± SD 
5.70±2.30 5.33±2.21 6.35±2.34 0.030 

Proximal reference lumen area 

(mm2), mean ± SD 
8.58±3.34 8.52±3.51 8.71±3.05 0.782 

Stent expansion, mean ± SD 0.81±0.17 0.79±0.19 0.84±0.13 0.254 

Edge dissection, n (%) 12 (11.8%) 10 (15.4%) 2 (5.4%) 0.236 

Number of vessels 60 48 12  

Acute lumen gain, mean ± SD 3.90±1.93 3.47±1.63 5.63±2.12 <0.001 

Post-PCI Physiology     
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Fractional flow reserve, mean 

± SD 
0.88±0.06 0.86±0.05 0.91±0.07 <0.001 

Relative functional gain, % ± 

SD 
0.61±0.24 0.52±0.22 0.79±0.16 <0.001 

* For the comparison between focal and diffuse. Continuous variables were compared using 

T-tests and categorical variables using chi-square. 
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Table 4. Clinical outcomes at one-year follow-up. 

Variables Overall Diffuse CAD  Focal CAD  p-value*  

Number of patients 113 74 39  

Target Vessel Failure 19 (16.8%) 14 (18.9%) 5 (12.8%) 0.576 

Cardiac death 0 (0%) 0 (0%) 0 (0%) NA 

Myocardial infarction 18 (15.9%) 14 (18.9%) 4 (10.3%) 0.354 

Spontaneous 

myocardial infarction  
1 (0.9%) 1 (1.4%) 0 (0.0%) 1.000 

Periprocedural 

myocardial infarction 
18 (15.9%) 14 (18.9%) 4 (10.3%) 0.354 

Major periprocedural 

injury 
33 (29.2%) 26 (35.1%) 7 (17.9%) 0.091 

Urgent target vessel 

revascularization 
1 (0.9%) 0 (0.0%) 1 (2.6%) 0.744 

Stent thrombosis 0 (0%) 0 (0%) 0 (0%) NA 

* For comparing focal and diffuse using chi-square. 
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Figure 1. Study Flowchart.
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Figure 2. Relationships between pullback pressure gradient (PPG) and morphological lesions 

characteristics before and after PCI. 

 

The top row shows the relationship between the PPG (x-axes) and minimal lumen area (left), 

and minimal stent area (right). The mid-row shows the relationship between PPG and acute 

luminal gain obtained (minimal stent area minus minimal lumen area) on the left side and stent 
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expansion on the right side. The bottom panel shows the lumen area change with PCI stratified 

by PPG (x-axis). The red arrows identify patients with diffuse disease, whereas the blue arrows 

focal disease.  

MSA Minimal stent area. PPG Pullback pressure gradient. PCI percutaneous coronary 

intervention.  
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Figure 3. Relationships between pullback pressure gradient (PPG), post-PCI, and delta FFR. 

 

The top row shows the correlations between the PPG (x-axes) and post-PCI FFR (left), and 

delta FFR (right). In the mid panel, the changes in FFR stratified by the PPG are presented. 

The red arrows categorize patients with diffuse disease, whereas the blue arrows focal disease. 

The bottom panel shows the distribution of the PPG. The red shaded area points to PPG values 
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considered diffuse CAD, whereas the blue shade is focal CAD. The dashed vertical lines show 

each vessel analyzed.  

CAD Coronary artery disease. FFR Fractional flow reserve. MSA Minimal stent area. PPG 

Pullback pressure gradient. 
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Figure 4. Proportions of patients attaining optimal anatomical and functional outcomes 

stratified by CAD patterns. 

 

In the top row, the pie charts show the proportion of patients achieving high post-PCI FFR 

(defined as ≥ 0.90) and high MSA (> 5.5 mm2). The stacked bars next to the pie charts show 

the proportion of patients with focal and diffuse CAD having high or low post-PCI FFR (right) 

and large or small minimal stent areas (right). At the bottom, the proportion of patients with 

focal and diffuse CAD in the different morphological and functional PCI outcomes 

combination are shown.   A significantly higher proportion of patients with diffuse disease had 

small MSA and low post-PCI FFR.   

CAD Coronary artery disease. FFR Fractional flow reserve. MSA Minimal stent area. PPG 

Pullback pressure gradient. 

  



               

 

 

219 

Figure 5. Case examples of focal and diffuse CAD. 

 

Left panel: Functional focal CAD, Right panel: Functional diffuse CAD. 

(a) and (a’): pre-PCI FFR pullbacks. (b) and (b’): post-PCI FFR and FFR pullbacks. (c) and 

(c’): pre-PCI coronary angiography, white arrowheads show target lesions. (d) and (d’): post-

PCI angiographies. (e) and (e’): post-PCI OCT with a cross-sectional view at MSA. (f) and 

(f’): post-PCI OCT longitudinal view indicating the position of the MSA. 

CAD Coronary artery disease. PPG pullback pressure gradient, FFR fractional flow reserve, 

PCI percutaneous coronary intervention, MSA minimum stent area, OCT optical coherence 

tomography. 
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Abstract 

Background: Increase in fractional flow reserve (FFR) following percutaneous coronary 

interventions (PCI) is associated with improvement in angina. Coronary artery disease (CAD) 

patterns (focal vs. diffuse) influence the FFR change after stenting and may predict angina 

relief. The objective was to investigate the differential improvement in patient-reported 

outcomes after PCI in focal and diffuse CAD as defined by the pullback pressure gradient 

(PPG).  

Methods: This is a sub-analysis of the TARGET-FFR randomized clinical trial 

(NCT03259815). The 7-item Seattle Angina Questionnaire (SAQ-7) was administered at 

baseline and three months after PCI. The PPG index was calculated from manual pre-PCI FFR 

pullbacks. The median PPG value was used to define focal and diffuse CAD. Residual angina 

was defined as an SAQ score less than 100.   

Results: One hundred and three patients were analyzed. There were no differences in baseline 

characteristics between patients with focal and diffuse CAD. Focal disease had larger increase 

in FFR with PCI than diffuse disease (0.30±0.14 vs. 0.19±0.12, p<0.001). Patients who 

underwent PCI to focal CAD had significantly higher SAQ-7 summary scores at follow-up 

than those with diffuse CAD (87.1±20.3 vs. 75.6±24.4, mean difference 11.5 [95%CI 2.8 to 

20.3], p=0.01). Following PCI, residual angina was present in 39.8% but was significantly 

lower among those with treated focal CAD (27.5% vs. 51.9%, p-value=0.020).  

Conclusion: Residual angina after PCI was almost twice as common in patients with a low 

PPG, whereas patients with focal disease reported greater improvement in angina and quality 

of life. The baseline pattern of CAD can predict the likelihood of angina relief. 

  



               

 

 

226 

Introduction 

Ischemia relating to obstructive epicardial coronary artery disease (CAD) is a common 

cause of angina pectoris. The frequency and severity of anginal symptoms have been associated 

with cardiovascular mortality. 1Revascularization, either through percutaneous coronary 

interventions (PCI) or coronary artery bypass grafting (CABG), can effectively reduce angina. 

2Nevertheless, approximately one in four patients remain symptomatic after PCI. 3Residual 

angina impairs quality of life and portends a worse prognosis. 4 

The magnitude of change in fractional flow reserve (FFR) with PCI predicts 

improvements in angina. 5Moreover, large gains in FFR following PCI are associated with 

freedom from angina. 6The baseline CAD pattern influences the degree of FFR change 

achievable through stenting. PCI to focal CAD frequently yields high post-PCI FFR values, 

whereas more modest improvements can be expected when treating diffuse disease. 7The 

likelihood of successful angina relief from PCI can therefore be anticipated by the baseline 

pattern of CAD. Nevertheless, the definition of diffuse CAD is not standardized and most often 

relies only on visual assessment, limiting its reliability and reproducibility. 89 10 11 

We recently showed that a pressure pullback maneuver could quantify the longitudinal 

distribution of epicardial resistance. The pullback pressure gradient (PPG) is a novel metric 

that complements FFR and quantitatively defines CAD patterns ('focality' or diffuseness) on a 

scale from 0 to 1. 12 

In the present study, we sought to investigate the differential effects of PCI in focal and 

diffuse CAD as defined by the pre-procedural PPG on patient-reported outcomes. 

Methods 

Study design 

This study is a sub-analysis of the TARGET-FFR (Trial of Angiography vs. pressure-

Ratio-Guided Enhancement Techniques–Fractional Flow Reserve) randomized clinical trial.  

Briefly, TARGET-FFR was a prospective, single-center, randomized, controlled, parallel-

group, blinded clinical trial conducted at the Golden Jubilee National Hospital in Glasgow, 

UK, and registered at ClinicalTrials.gov (NCT03259815). 513 All patients signed informed 

consent before their PCI. Following angiographically successful PCI for either stable angina, 

medically stabilized non-ST-elevation myocardial infarction (NSTEMI), eligible patients were 

randomized to an FFR pullback-guided PCI optimization strategy (PIOS) or a control group. 

Coronary physiology data were analyzed by a core laboratory (CoreAalst BV, Aalst, Belgium). 

There was no significant difference between groups in the primary endpoint of the proportion 
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of patients with final post-PCI FFR ≥0.90 (PIOS minus control 10%, 95% confidence interval 

-1.84 to 21.91, p=0.099).  

The objective of the present analysis was to compare the effectiveness of PCI in terms 

of angina relief and quality of life improvement in focal and diffuse CAD as defined by the 

PPG. For this purpose, patients with both pre-PCI FFR pullbacks (required for PPG 

calculation) and follow-up patient-reported outcome measure (PROM) questionnaires were 

eligible for inclusion. A list of the inclusion and exclusion criteria is shown in Supplemental 

Material Table S1. 

Angina and quality of life assessments 

The 7-item Seattle Angina Questionnaire (SAQ-7) and EuroQol five-level EQ-5D 

questionnaire (EQ-5D-5L) were administered at baseline and three months after PCI. The 

questionnaires were administered by telephone or mail by a research nurse blinded to the 

physiology results. The SAQ-7 addresses three domains, i.e., angina frequency, physical 

limitation, and quality of life, which are combined in a summary score. Higher scores indicate 

better health status. A score of 100 in the angina frequency domain denotes freedom from 

angina. 1415 The EQ-5D-5L consists of five dimensions (i.e., mobility, self-care, usual 

activities, pain & discomfort, anxiety & depression), each of which has five severity levels in 

each dimension; level 1 indicates no problem, and level 5 extreme problems. The EQ-5D-5L 

is then summarized as a country-specific weighted health index (0 to 1), with higher values 

representing worse health status.  

Procedure 

Details of the coronary physiology measurements and PCI procedures have been 

published previously. 5FFR measurements were performed using the PressureWire X 

Guidewire (Abbott Laboratories, IL, USA). Following administration of a 200 ug bolus of 

intracoronary nitrate, the pressure wire sensor was positioned at the tip of the guide catheter 

and equalized with the aortic pressure. The pressure wire was then advanced to position the 

sensor in the distal third of the vessel. Hyperemia was induced by adenosine infusion into an 

antecubital vein at a rate of 140 µg/kg/min. Coronary flow reserve (CFR) was assessed using 

the bolus thermodilution technique. FFR pullback maneuvers were performed manually at a 

constant speed for over 20 to 30 seconds. The specifics of the PCI procedure, including the use 

of intracoronary imaging, were at the operator's discretion. Following angiographically 

successful PCI, a blinded coronary physiology assessment was repeated. Patients randomized 

to the PIOS group with post-PCI FFR <0.90 were eligible for additional intervention based on 
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an assessment of the post-PCI FFR pullback. In the control group, post-PCI FFR and pullback 

information were acquired but concealed from the operator. Final coronary physiology results 

were not disclosed to patients. 

Pressure Pullback Gradient 

The PPG index was calculated post hoc from the manual pre-PCI FFR pullback 

recordings using a commercially available console (Coroflow v3.5, Coroventis Research AP, 

Uppsala, Sweden). The PPG combines two parameters extracted from FFR pullback curves, 

i.e., the maximal pressure gradient over 20% of the pullback duration and the length of 

functional disease, to provide a value from 0 to 1. PPG values close to 1.0 represent focal 

disease and approaching 0 diffuse CAD. 12The following exclusion criteria were applied to the 

recordings: absence of a dicrotic notch from the pressure waveforms; ventricularization; drift 

of more than 0.05 FFR units on the pullback to the guide catheter; unstable hyperemic 

conditions during the pullback maneuver; pullback duration less than 15 seconds, and pullback 

curves with major artifacts. To adjust for baseline disease severity, delta FFR was normalized 

by pre-PCI FFR (i.e., post-PCI FFR minus pre-PCI FFR divided by 1 minus pre-PCI FFR).  

Statistical Analysis 

Data are expressed as mean ± SD and median [interquartile range] for normally and 

non-normally distributed data, respectively. Categorical variables are expressed as frequencies 

and percentages (%). Continuous variables were compared using the Student's t-test (or Mann–

Whitney tests as appropriate), and categorical variables were compared using the Chi-square 

or Fisher's exact test as appropriate. The median value of the PPG was used to differentiate 

focal from diffuse CAD. SAQ-7 and EQ-5D-5L scores are reported stratified by CAD patterns. 

The SAQ summary score was the primary outcome. The SAQ summary score and scores from 

its component domains were used as continuous variables and compared between patients with 

diffuse and focal CAD. In addition, SAQ scores were categorized into daily or weekly, 

monthly, or none for the angina frequency domain and as poor or fair, good or excellent health 

status for the physical limitation and quality of life domains. We also estimated the probability 

of being angina-free as a function of baseline angina frequency. For this analysis, the model 

for the SAQ Angina Frequency score was augmented by the inclusion of two-way interaction 

terms: CAD pattern, and baseline SAQ score, to estimate the probability of being angina-free 

(i.e., SAQ angina frequency score equal to 100) at follow-up. 16The predictors of residual 

angina were assessed using univariate and multivariate regression analyses. Variables included 

age, diabetes mellitus, pre-PCI FFR, and the PPG. A 2-sided p-value of 0.05 or less was 
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considered to indicate statistical significance. All statistical analyses were performed using R 

statistical software (R Foundation for Statistical Computing, Vienna, Austria).  

Results 

Between 22 February 2018 and 22 November 2019, 721 patients were screened, and 

260 were randomized; amongst these, 190 patients had pre-PCI FFR pullback. After excluding 

pullback recordings of inadequate quality and patients without health-status questionnaires at 

follow-up, 103 patients (51 with focal and 52 with diffuse disease) were included in the present 

analysis. The study flowchart is shown in Figure 1. The median PPG was 0.66 [IQR 0.55 to 

77]. There were no differences in baseline clinical characteristics between patients with focal 

and diffuse CAD (Table 1).  

Procedural outcomes 

Patients with focal disease (PPG ≥ 0.66) had more angiographically severe lesions than 

diffuse disease (percentage diameter stenosis 65.2±16.4% vs. 57.6±14.2%, p=0.013). 

However, the functional severity of the disease was similar between focal and diffuse disease 

(FFR 0.59±0.16 vs. 0.64±0.11, p-value=0.118). Focal CAD was treated with shorter and fewer 

stents than diffuse disease (37.4±19.2 mm vs. 47.7±22.6 mm, p=0.015 and 1.3±0.5 stents per 

vessel vs. 1.6±0.8 stents per vessel, p-value=0.022; Table 2).  

Patients with focal disease attained higher post-PCI FFR compared to diffuse disease 

(0.89±0.07 vs. 0.83±0.07, p<0.001) and greater change in FFR after PCI (0.30±0.14 units vs. 

0.19±0.12 units, p<0.001). As a continuous variable, the PPG showed significant correlations 

with post-PCI FFR and delta FFR (Figure 2). Improvement in coronary flow reserve (CFR) 

was also significantly higher in patients with focal CAD (delta CFR 2.1±1.5 vs. 0.9±1.7, 

p=0.001).  

Patient-reported outcomes  

Baseline  

At baseline, there were no differences in angina frequency, physical limitation, or 

quality of life between patients with focal or diffuse CAD. FFR was associated with baseline 

angina in symptomatic patients (p-value=0.037). Clinical and procedural characteristics 

stratified by angina status at baseline are shown in the Supplemental Material Table S2. The 

mean baseline SAQ summary score was 66.1±26.0 in focal CAD and 57.6±25.6 in diffuse 

disease (p=0.099). Overall, 44.7% of participants had daily or weekly angina, 26.2% had 

monthly angina, and 29.1% had no angina before PCI, and there were no differences between 

focal and diffuse disease.  
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Follow-up after PCI 

After PCI, residual angina was present in 39.8% of patients and was significantly lower 

in patients with focal CAD (27.5% focal vs. 51.9% diffuse, p-value=0.020). Patients with focal 

CAD reported less angina, less physical limitation, and better quality of life than patients with 

diffuse CAD (Table 3 and Figure 3). The SAQ summary score for patients with focal CAD 

was significantly higher than diffuse CAD (87.1±20.3 vs. 75.6±24.4, mean difference 11.5 

[95% CI 2.8 to 20.3] SAQ points, p=0.010). Similar magnitudes of benefit were observed in 

the individual SAQ domains. Levels of daily or weekly, and monthly angina were significantly 

lower in patients with focal CAD (Figure 4). Among patients with angina at baseline, PPG 

predicted post-PCI angina-free status with an AUC of 0.65 (95% CI 0.52 to 0.78), best PPG 

cut-off of 0.68 (Supplemental Material Figure S1). The predictive capacity of the PPG for 

freedom from angina at follow-up adjusted by other clinical and procedural characteristics is 

shown in Supplemental Material Table S3. There was a higher probability of being free from 

angina in patients with focal than in diffuse CAD. The difference was larger among patients 

who had angina at baseline but was minimal among those who were asymptomatic before PCI 

(Figure 5).  

Health-related quality of life 

At baseline, there were no differences in mobility, self-care, usual activities, pain, and 

discomfort between patients with focal and diffuse CAD (Table 4). At baseline, the EQ-5D-5L 

index was similar between focal and diffuse disease (0.80 ± 0.21 vs. 0.75 ± 0.21, p=0.251). 

After PCI, patients with focal disease reported higher mobility, self-care, usual activities, and 

pain and discomfort compared to patients with diffuse CAD. There were no differences in the 

level of anxiety and depression after PCI between patients with focal and diffuse CAD 

(Supplemental Material Figure S2). The EQ-5D-5L index was significantly higher in patients 

with focal CAD treated with PCI than in diffuse disease (0.9 ± 0.2 vs. 0.8±0.3, p=0.004).   

Discussion 

This study presents a novel approach for stratifying patients with hemodynamically 

significant CAD into focal and diffuse disease. These two phenotypes are differentially 

associated with the likelihood of symptom relief post-PCI. We found that patients with focal 

CAD (PPG closer to one) treated with PCI had a more favorable prognosis in terms of angina 

relief and improvement in quality of life. In contrast, more than half of patients with diffuse 

disease (PPG closer to zero) remained symptomatic after PCI. We also found that PPG was not 
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associated with anginal symptoms at baseline, indicating that the severity of angina is 

associated with flow-limiting CAD rather than its distribution. 

PCI reduces epicardial resistance, and the resultant increase in myocardial perfusion 

ameliorates anginal symptoms. 4In the present study, PCI was more effective in cases with 

focal pressure gradients resulting in higher post-PCI FFR and a greater change in FFR than in 

cases with diffuse disease. The PPG determined 27% of the change in coronary flow with PCI. 

In other words, the improvement in myocardial perfusion achieved by PCI was partly 

determined by the baseline CAD pattern. This finding highlights the importance of integrating 

CAD patterns to define the appropriateness of PCI. The quantitative and continuous nature of 

PPG allows the determination of cut-offs to predict improvements in angina which may prove 

useful in clinical practice to predict the expected benefit of the intervention. 

Structural and functional alterations of coronary circulation have been proposed as 

causes of persistent angina after PCI. 17In the present study, we investigated the impact of 

diffuse CAD on patient-reported outcomes, as defined by PPG. After PCI, we found diffuse 

CAD was associated with significantly more residual angina. In the International Study of 

Comparative Health Effectiveness with Medical and Invasive Approaches (ISCHEMIA) trial, 

patients randomized to the invasive strategy had greater improvement in angina than those 

assigned to the conservative strategy. The benefit of the invasive strategy was captured by a 

difference in SAQ Summary scores of 2.9 points (84.7±16 invasive arm vs. 81.8±17 

conservative arm at three months). 2In the present study, the difference in SAQ Summary score 

between patients with focal and diffuse was 11.5 points at the same follow-up period. The 

benefit of revascularization was three times higher in patients with focal CAD than in diffuse 

disease. Moreover, the proportion of symptomatic patients was comparable between 

ISCHEMIA (65%) and the present study (71%). In symptomatic participants, the observed 

difference in the probability of being from angina between focal and diffuse CAD was greater, 

similar to the larger effect on patient-reported outcomes observed between the invasive vs. 

conservative strategy in ISCHEMIA.2     

The Objective Randomised Blinded Investigation With Optimal Medical Therapy of 

Angioplasty in Stable Angina (ORBITA) trial investigated the impact of CAD patterns derived 

from visual assessment of focal disease on the resting instantaneous wave-free ratio (iFR) 

pullback curve. This approach identified patients with focal CAD that benefited from PCI in 

terms of ischemia reduction assessed by stress echocardiography; however, there was no 

relationship between CAD patterns and patient-reported outcomes. 18Several reasons may 
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explain the discrepancy with the present report. First, assessing CAD patterns in hyperemic 

conditions magnifies focal pressure losses allowing the assessment of focal pressure gradients 

with less signal-to-noise ratio. Several reports have suggested that resting coronary flow 

conditions might be insufficient to elicit pressure gradients, particularly in focal stenosis. A 

second element relates to the definition of focal CAD in the iFR pullback curve. Focal disease 

was based on the presence of a focal pressure gradient only. This approach disregards pressure 

losses proximal and distal to the focal gradient, which are equally important for evaluating the 

absolute improvement in myocardial perfusion after PCI contributing to the resolution of 

angina. The PPG formula assesses both the magnitude of focal pressure drops and the 

diffuseness of the disease, providing a comprehensive approach that correlates with symptom 

improvement.          

Utilizing pressure pullbacks to assess CAD patterns is an example of personalized 

medicine to determine the appropriateness of PCI. The PPG quantifies CAD patterns, 

enhancing clinical decision-making and reducing the uncertainty associated with a visual 

interpretation of the pullback curve. In clinical practice, this technique adds 30 to 40 seconds 

to the classical FFR measurement and can be performed in a reproducible manner with standard 

pressure wires. 19Based on the result of this study, patients with high PPG are ideal candidates 

for PCI and are expected to achieve near-complete resolution of their symptoms with improved 

quality of life. Conversely, the best treatment strategy for patients with diffuse disease requires 

further study. An additional consideration when deciding between treatment options for 

patients with diffuse disease is the higher rate of device-related adverse events observed after 

PCI. 2010 In this study, patients with low PPG required longer and more stents during PCI. 

Consequently, decision-making in diffuse CAD must be individualized. In our view, most 

patients with low PPG can be treated with optimal medical therapy. 11A randomized clinical 

trial evaluating treatment options for patients with diffuse disease is warranted; the availability 

of PPG may serve as a method to standardize selection criteria.   

Limitations  

The present study has several limitations. First, it is a single-center RCT of moderate 

size. Attrition from the original sample size resulted from the lack of pre-PCI FFR pullback 

evaluation in 27% of the patients. Second, this is a post hoc analysis of an RCT; therefore, 

prospective validation is required to confirm these findings. Third, patient-reported outcomes 

were collected at a 3-month follow-up interval. Although the effect of PCI is certainly 

discernible within this time frame, a longer-term follow-up would be required to understand 
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the durability of the findings better. Fourth, the PPG calculation was performed offline; thus, 

the clinical outcomes after a PPG-guided PCI strategy require further investigation. Fifth, we 

used the median PPG to distinguish focal from diffuse CAD for this analysis. Despite the AUC 

analysis suggesting a PPG threshold for symptom improvement, we believe that PPG should 

be interpreted as a continuous variable with lower values associated with lower PCI clinical 

success rates and higher values related to nearly complete resolution of angina. The ongoing 

PPG Global registry (NCT04789317) will include approximately 1000 patients with the 

collection of clinical and patient-reported outcomes and will further inform about PPG cut-offs 

for clinical decision-making.  

Conclusion 

Residual angina after PCI was frequent and predominantly observed in patients with 

diffuse CAD as defined by the pre-PCI PPG. Patients with focal disease reported greater 

improvement in angina and quality of life with PCI. The PPG identified patients most likely to 

benefit from PCI in terms of angina relief. Therefore, the distribution of the epicardial 

resistance should be factored into the clinical decision-making process about the 

appropriateness and the modality of revascularization. A randomized clinical trial assessing the 

clinical and economic impact of a PPG-guided PCI strategy is warranted.    
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Table 1. Clinical characteristics stratified by coronary artery disease patterns. 

Variables Overall 
Focal 

(PPG ≥ 0.66) 

Diffuse 

(PPG < 0.66) 
p-value 

Number of patients, n 103 51 52  

Gender Female, n (%) 14 (13.6) 5 (9.8) 9 (17.3) 0.410 

Age years, mean (SD)  60.61 (8.11) 60.24 (7.25) 60.98 (8.93) 0.643 

BMI, mean (SD) 29.39 (4.62) 28.96 (4.57) 29.81 (4.67) 0.351 

Family history of CAD, n (%) 70 (68.0) 36 (70.6) 34 (65.4) 0.723 

Smoking, n (%) 70 (68.0) 37 (72.5) 33 (63.5) 0.437 

Hypertension, n (%) 45 (43.7) 22 (43.1) 23 (44.2) 1.000 

Dyslipidemia, n (%) 58 (56.3) 31 (60.8) 27 (51.9) 0.479 

Diabetes, n (%) 21 (20.4) 8 (15.7) 13 (25.0) 0.353 

Insulin-dependent, n (%) 2 (9.5) 1 (12.5) 1 (7.7) 1.000 

Renal insufficiency, n (%) 2 (1.9) 1 (2.0) 1 (1.9) 1.000 

Previous PCI, n (%) 47 (45.6) 18 (35.3) 29 (55.8) 0.059 

Angina, n (%) 88 (85.4) 42 (82.4) 46 (88.5) 0.549 

CCS Class, n (%)    0.148 

CCS 1 23 (26.1) 15 (35.7) 8 (17.4)  

CCS 2 41 (46.6) 17 (40.5) 24 (52.2)  

CCS 3 24 (27.3) 10 (23.8) 14 (30.4)  

Medications     

Any antiplatelet, n (%) 102 (99.0) 50 (98.0) 52 (100.0) 0.992 

DAPT, n (%) 79 (76.7) 41 (80.4) 38 (73.1) 0.519 

Statins, n (%) 99 (96.1) 49 (96.1) 50 (96.2) 1.000 

Beta-blocker, n (%) 96 (93.2) 48 (94.1) 48 (92.3) 1.000 

ACEI, n (%) 76 (73.8) 37 (72.5) 39 (75.0) 0.953 

ARB, n (%) 8 (7.8) 4 (7.8) 4 (7.7) 1.000 

Calcium channel blocker, n (%) 20 (19.4) 8 (15.7) 12 (23.1) 0.485 

Nitrates, n (%) 29 (28.2) 10 (19.6) 19 (36.5) 0.091 

GTN spray use 55 (53.4) 23 (45.1) 32 (61.5) 0.140 

Frequency of GTN use, n (%)    0.394 

Daily 9 (16.4) 3 (13.0) 6 (18.8)  

Weekly 32 (58.2) 12 (52.2) 20 (62.5)  

Monthly 14 (25.5) 8 (34.8) 6 (18.8)  
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Diuretics, n (%) 10 (9.7) 4 (7.8) 6 (11.5) 0.764 

Oral anticoagulation, n (%) 7 (6.8) 3 (5.9) 4 (7.7) 1.000 
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Table 2. Procedural characteristics stratified by coronary artery disease patterns.   

Variables Overall 
Focal 

(PPG ≥ 0.66) 

Diffuse 

(PPG < 0.66) 
p-value 

Number 103 51 52  

Diameter stenosis (%), mean ± 

SD 
61.4 ± 15.7 65.2 ± 16.4 57.6 ± 14.3 0.013 

Lesion length, mean ± SD 11.6 ± 5.3 10.9 ± 4.9 12.3 ± 5.6 0.157 

AHA/ACC Lesion type, n (%)    0.195 

A 18 (17.5) 8 (15.7) 10 (19.2)  

B 39 (37.9) 24 (47.1) 15 (28.8)  

B2 41 (39.8) 18 (35.3) 23 (44.2)  

C 5 (4.9) 1 (2.0) 4 (7.7)  

SYNTAX score, mean ± SD 11.60 ± 8.20 9.21 ± 7.49 13.94 ± 8.26 0.003 

Jeopardy score, mean ± SD 5.18 ± 3.06 4.92 ± 3.08 5.44 ± 3.05 0.399 

Pd/Pa, mean ± SD 0.81 ± 0.14 0.80 ± 0.16 0.81 ± 0.12 0.665 

FFR, mean ± SD 0.61 ± 0.14 0.59 ± 0.16 0.64 ± 0.11 0.118 

CFR, mean ± SD 2.14 ± 0.95 1.83 ± 0.58 2.42 ± 1.13 0.002 

PPG, mean ± SD 0.65 ± 0.14 0.77 ± 0.06) 0.54 ± 0.09 <0.001 

Pre-dilatation, n (%) 103 (100.0) 51 (100.0) 52 (100.0) NA 

Post-dilatation, n (%) 101 (98.1) 49 (96.1) 52 (100.0) 0.467 

Intravascular imaging, n (%) 20 (19.4) 4 (7.8) 16 (30.8) 0.007 

PIOS, n (%) 53 (51.5) 26 (51.0) 27 (51.9) 1.000 

Number of stents (per vessel), 

mean ± SD 
1.49 ± 0.67 1.33 ± 0.52 1.63 ± 0.77 0.022 

Stent diameter, mean ± SD 3.20 ± 0.41 3.23 ± 0.44 3.17 ± 0.38 0.443 

Total stent length (mm), mean ± 

SD 
42.61±21.51 37.43±19.20 47.69±22.61 0.015 

Residual diameter stenosis, mean 

± SD 
14.82 ± 9.13 14.78 ± 9.54 14.86 ± 8.80 0.962 

Residual SYNTAX score, mean 

± SD 
2.16 ± 4.02 2.76 ± 4.84 1.57 ± 2.92 0.146 

Post-PCI Pd/Pa, mean ± SD 0.93 ± 0.05 0.96 ± 0.05 0.91 ± 0.04 <0.001 

Post-PCI FFR, mean ± SD 0.86 ± 0.08 0.89 ± 0.07 0.83 ± 0.07 <0.001 

Post-PCI CFR, mean ± SD 3.60 ± 1.83 3.88 ± 1.66 3.30 ± 1.97 0.118 



               

 

 

237 

Delta FFR, mean ± SD 0.25 ± 0.14 0.30 ± 0.14 0.19 ± 0.12 <0.001 

Delta FFR normalized (%), mean 

± SD 
61 ± 22 71 ± 19 50 ± 20 <0.001 

Delta CFR, mean ± SD 1.45 ± 1.70 2.06 ± 1.50 0.89 ± 1.71 0.001 

Delta CFR normalized, mean ± 

SD 
0.88 ± 1.03 1.29 ± 1.09 0.50 ± 0.82 <0.001 

AHA American Heart Association. ACC American College of Cardiology. CFR Coronary flow 

reserve. FFR Fractional Flow Reserve. Pa Aortic pressure. Pd Distal pressure. PPG Pullback 

pressure gradient. 
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Table 3. Seattle Angina Questionnaire at baseline and follow-up stratified by coronary artery 

disease patterns.  

Variables Overall 
Focal 

(PPG ≥ 0.66) 

Diffuse 

(PPG < 0.66) 
p-value 

n 103 51 52  

Baseline SAQ-7     

Physical limitation score, mean ± 

SD  
67.8 ± 27.6 73.3 ± 27.9 62.8 ± 26.6 0.061 

Angina frequency, mean ± SD 69.5 ± 27.6 73.5 ± 26.9 65.6 ± 28.0 0.145 

Quality of life, mean ± SD 48.2 ± 31.5 52.2 ± 31.8 44.2 ± 31.0 0.200 

Summary score, mean ± SD 61.79±26.02 66.1 ± 26.0 57.6 ± 25.6 0.099 

Physical Limitation    0.127 

Poor or Fair, n (%) 24 (25.3) 10 (22.2) 14 (28.0)  

Good, n (%) 24 (25.3) 8 (17.8) 16 (32.0)  

Excellent, n (%) 47 (49.5) 27 (60.0) 20 (40.0)  

Angina frequency    0.511 

Daily or weekly, n (%) 46 (44.7) 20 (39.2) 26 (50.0)  

Monthly, n (%) 27 (26.2) 14 (27.5) 13 (25.0)  

None, n (%) 30 (29.1) 17 (33.3) 13 (25.0)  

Quality of life    0.232 

Poor or Fair, n (%) 53 (51.5) 22 (43.1) 31 (59.6)  

Good, n (%) 20 (19.4) 11 (21.6) 9 (17.3)  

Excellent, n (%) 30 (29.1) 18 (35.3) 12 (23.1)  

Follow-up SAQ-7     

Physical limitation score, mean ± 

SD 
79.9 ± 26.8 85.0± 24.4 74.0 ± 28.4 0.049 

Angina frequency, mean ± SD 85.5 ± 22.6 91.8±17.1 79.4 ± 25.7 0.005 

Quality of life, mean ± SD 78.3 ± 28.3 84.3 ± 24.5 72.4 ± 30.8 0.032 

Summary score, mean ± SD 81.3 ± 23.1 87.1 ± 20.3 75.6 ± 24.4 0.010 

Physical Limitation    0.242 
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Poor or Fair, n (%) 12 (13.0) 4 (8.2) 8 (18.6)  

Good, n (%) 13 (14.1) 6 (12.2) 7 (16.3)  

Excellent, n (%) 67 (72.8) 39 (79.6) 28 (65.1)  

Angina frequency    0.008 

Daily or weekly, n (%) 20 (19.4) 4 (7.8) 16 (30.8)  

Monthly, n (%) 21 (20.4) 10 (19.6) 11 (21.2)  

None, n (%) 62 (60.2) 37 (72.5) 25 (48.1)  

Quality of life    0.211 

Poor or Fair, n (%) 14 (13.6) 4 (7.8) 10 (19.2)  

Good, n (%) 15 (14.6) 7 (13.7) 8 (15.4)  

Excellent, n (%) 74 (71.8) 40 (78.4) 34 (65.4)  

Residual Angina, n (%) 41 (39.8) 14 (27.5) 27 (51.9) 0.020 

PPG Pullback pressure gradient. SAQ Seattle Angina Questionnaire 

  



               

 

 

240 

Table 4. EuroQOL five-level questionnaire at baseline and follow-up stratified by coronary 

artery disease patterns.  

Variables Overall 
Focal 

(PPG ≥ 0.66) 

Diffuse 

(PPG < 0.66) 
p-value 

Baseline EQ-5D-5L     

Mobility score, mean ± SD 1.8 ± 1.1 1.6 ± 1.1 1.9 ± 1.0 0.175 

Self-care score, mean ± SD 1.3 ± 0.6 1.2 ±0.5 1.4 ± 0.6 0.177 

Usual activities score, mean ± 

SD 
2.2 ± 1.1 2.2 ± 1.2 2.3 ± 1.1 0.699 

Pain score, mean ± SD 2.1 ± 1.0 1.9 ± 0.9 2.2 ± 1.03 0.125 

Anxiety and depression score, 

mean ± SD 
1.83 (0.95) 1.7 ± 0.9 2.0 ± 1.00 0.169 

Visual Analogue Scale, mean ± 

SD 
69.0 ± 19.5 69.0 ± 20.2 68.9 ± 18.9 0.984 

EQ-5D-5L index, mean ± SD 0.78 ± 0.21 0.80 ± 0.21 0.75 ± 0.21 0.251 

Follow-up EQ-5D-5L     

Mobility score, mean ± SD 1.62 ± 1.0 1.4 ± 0.8 1.9 ± 1.2 0.014 

Self-care score, mean ± SD 1.4 ± 0.7 1.2 ± 0.6 1.5 ± 0.8 0.015 

Usual activities score, mean ± 

SD 

1.8 ± 1.0 1.5 ± 0.9 2.0 ± 1.1 0.027 

Pain score, mean ± SD 1.7 ± 1.0 1.4 ± 0.7 2.1 ± 1.1 <0.001 

Anxiety and depression score, 

mean ± SD 

1.7 ± 1.0 1.5 ± 0.8 1.9 ± 1.2 0.076 

Visual Analogue Scale, mean ± 

SD 

75.7 ± 20.9 79.8 ±19.1 71.7 ± 21.9 0.048 

EQ-5D-5L index, mean ± SD 0.8 ± 0.2 0.9 ± 0.2 0.8 ± 0.3 0.004 

PPG Pullback pressure gradient. 
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Figure 1. Study flowchart 

The total number of patients included in the TARGET-FFR (Trial of Angiography vs. pressure-

Ratio-Guided Enhancement Techniques–Fractional Flow Reserve) randomized clinical trial 

and in the present analysis. Focal coronary artery disease was defined as a pullback pressure 

gradients (PPG) value ≥ 0.66 and diffuse CAD as PPG < 0.66.  

CAD Coronary artery disease. FU Follow-up.  PCI percutaneous coronary intervention. PPG 

Pullback pressure gradient. SAQ Seattle angina questionnaire. 
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Figure 2. Distribution of the pullback pressure gradient (PPG) and its correlation with pre-PCI 

FFR, post-PCI FFR, and delta FFR. 

The bottom panel shows the distribution of pullback pressure gradient (PPG) values; the 

horizontal gray box plot shows the median value (0.66), range, and interquartile range. The top 

panel shows the correlation between the PPG (x-axes) and, from left to right, pre-PCI FFR, 

post-PCI FFR, and delta FFR. The PPG was significantly correlated with post-PCI FFR and 

delta FFR.
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Figure 3. Distribution of Seattle angina questionnaire scores at baseline (left) and follow-up 

(right) stratified by CAD patterns. 

The top panels show the Seattle Angina Questionnaire (SAQ) angina frequency score at 

baseline (left) and follow-up (right). The mid panels show the SAQ physical limitation score 

at baseline (left) and follow-up (right). The bottom panels show the SAQ quality of life score 

at baseline (left) and follow-up (right). Patients with focal disease (PPG  ≥ 0.66) are represented 

in blue and diffuse disease in red. The area of each color depicts the frequency of the score's 

interval, and the height of the bar represents the score's density. The blue and red lines with 

diamonds represent the means and standard deviation of each score stratified by the CAD 

pattern. At baseline, there were no differences in the angina frequency, physical limitation, and 

quality of life domains between focal and diffuse disease. At follow-up, patients with focal 

disease reported significantly higher scores in the angina frequency, physical limitation, and 

quality of life domains; p values < 0.05 for all. 
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Figure 4. Rate of freedom from angina after PCI stratified by CAD patterns. 

The pie charts show the proportions of angina-free (SAQ Angina Frequency score = 100) and 

residual angina (SAQ Angina Frequency score < 100) patients with diffuse (left) and focal 

CAD (right). There were significantly more patients free from angina after PCI if the baseline 

CAD pattern was focal (PPG ≥ 0.66). The bottom panel shows a Sankey diagram depicting the 

changes in angina frequency (daily or weekly, monthly or none) from baseline to follow-up 

stratified by diffuse (left) and focal CAD (right).  
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Figure 5. Effect of coronary artery disease pattern and results of PCI as a function of patients' 

baseline SAQ Angina Frequency score. 

Probability of being angina-free (SAQ Angina Frequency score = 100) at three months after 

PCI if baseline coronary artery disease pattern was focal (blue) or diffuse (red) as a function of 

patients' baseline SAQ Angina Frequency score. Shading represents 95% confidence intervals. 
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Abstract 

Introduction: Diffuse disease has been identified as one of the main reasons leading to low 

post-PCI fractional flow reserve (FFR) and residual angina after PCI. Coronary pressure 

pullbacks allow for the evaluation of hemodynamic coronary artery disease (CAD) patterns. 

The pullback pressure gradient (PPG) is a novel metric that quantifies the distribution and 

magnitude of pressure losses along the coronary artery in a focal-to-diffuse continuum.  

Aim: The primary objective is to determine the predictive capacity of the PPG for post-PCI 

FFR.  

Methods: This prospective, large-scale, controlled, investigator-initiated, multicenter study is 

enrolling patients with at least one lesion in a major epicardial vessel with a distal FFR ≤ 0.80 

intended to be treated by PCI. The study will include 982 subjects. A standardized 

physiological assessment will be performed pre-PCI, including the online calculation of PPG 

from FFR pullbacks performed manually. PPG quantifies the CAD pattern by combining several 

parameters from the FFR pullback curve. Post-PCI physiology will be recorded using a 

standardized protocol with FFR pullbacks. We hypothesize that PPG will predict optimal PCI 

results (post-PCI FFR ≥ 0.88) with an area under the ROC curve (AUC) ≥ 0.80. Secondary 

objectives include patient-reported and clinical outcomes in patients with focal vs. diffuse CAD 

defined by the PPG. Clinical follow-up will be collected for up to 36 months, and an 

independent clinical event committee will adjudicate events.  

Results: Recruitment is ongoing and is expected to be completed in the second half of 2023. 

Conclusion: This international, large-scale, prospective study with pre-specified powered 

hypotheses will determine the ability of the pre-procedural PPG index to predict optimal 

revascularization assessed by post-PCI FFR. In addition, it will evaluate the impact of PPG on 

treatment decisions and the predictive performance of PPG for angina relief and clinical 

outcomes. ClinicalTrials.gov Identifier: NCT04789317 
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Introduction 

Assessing the distribution of flow-limiting atherosclerosis along a coronary artery adds 

a second dimension to evaluating lesion significance. Ascertainment of the hemodynamic 

pattern of coronary artery disease (CAD) - either as focal or diffuse - carries therapeutic 

implications. Coronary angiography has historically been used to assess CAD patterns. 

However, insights from intracoronary pressure pullbacks and intravascular imaging have 

underlined that coronary angiography underestimates the burden of atherosclerosis and can 

misjudge the distribution of disease.1,2 Moreover, CAD patterns have been shown to influence 

treatment decisions concerning myocardial revascularization; diffuse CAD has been identified 

as one mechanism associated with persistent angina after percutaneous coronary intervention 

(PCI).3,4  

Fractional flow reserve (FFR) is a hyperemic intracoronary pressure measurement that 

correlates with myocardial ischemia by providing a metric of peak flow reduction.5 It has 

proven superior to an angiographic-based strategy when selecting lesions for PCI for predicting 

death, myocardial infarction or urgent revascularization6 as well as for cost effectiveness7. 

Nevertheless, the distal FFR value (also referred to as spot or single point FFR) results from 

cumulative pressure loss along the entire vessel due to focal or diffuse atherosclerotic disease 

and, frequently, a combination of both.1,8 Diffuse CAD is associated with a lower FFR after 

PCI9,10 and a higher incidence of clinical events.11 Currently, definitions of diffuse CAD are 

heterogenous, commonly based on visual assessment, and therefore subject to high 

interobserver variability.8,12 

Intracoronary pressure losses along the vessel reflect the interplay between epicardial 

atherosclerotic burden and coronary flow. A pullback maneuver reveals the distribution and 

magnitude of these pressure losses. This pattern can be quantified along a focal-to-diffuse 

continuum using a novel metric: the pullback pressure gradient (PPG).8 PPG quantifies the CAD 

pattern by combining two parameters: the maximal pressure gradient in the pullback and the amount of 

functional disease along the vessel. 

A pre-intervention evaluation of the pressure pullback pattern may help predict the 

post-PCI FFR and thus individualize revascularization decisions. 13When measured 

immediately after PCI, a low residual FFR has been identified as an independent predictor of 

future vessel-related adverse events.14-16 Likewise, the magnitude of improvement in FFR after 



               

 

 

259 

PCI has been associated with angina relief, linking the clinical benefit of PCI to a reduction of 

pressure gradients and improvements in epicardial conductance.10,17-19 

The PPG Global study will determine the capacity of PPG to predict optimal functional 

revascularization assessed by FFR after PCI. It will also explore the implications for clinical 

decision-making, its association with angina improvement at one year, and clinical outcomes 

up to three years. 

Methods 

Study design 

This prospective, investigator-initiated, multicenter, international, large-scale study 

with pre-specified powered hypotheses, registered at clinicaltrials.gov as NCT04789317, is 

enrolling subjects with at least one lesion in a major epicardial vessel with a distal FFR ≤ 0.80 

intended to be treated with PCI. Table 1 provides inclusion and exclusion criteria. Briefly, 

subjects must be 18 years or older at the time of inclusion with stable CAD or a non-culprit 

vessel after an acute coronary syndrome (ACS). Aorto-ostial lesions are excluded, given the 

challenges of maintaining a suitable guide catheter position during pressure wire pullback. A 

total of 25 centers with experience in coronary physiology are recruiting patients in Europe, 

the United Kingdom, Japan, the USA, and Australia (Table S1). The trial follows the 

Declaration of Helsinki and all applicable local regulations. Every subject must give written 

informed consent before enrollment, and every site must receive approval from its local 

institutional review board before recruitment begins. Figure 1 details the flow of patients 

included in the PPG Global registry. 

Primary and secondary endpoints 

The primary endpoint is the predictive capacity of the PPG index for post-PCI FFR 

evaluated by area under the curve (AUC) from receiver operator characteristic (ROC) analysis. 

Secondary endpoints include the following: 

Impact of the PPG on treatment decisions assessed by the rate of deferral from planned 

PCI to either coronary artery bypass grafting (CABG) or medical therapy;  

Relationship between the baseline PPG and improvement in angina symptoms one year 

after PCI assessed by the Seattle Angina Questionnaire (SAQ-7) both in the overall population 

and in patients with symptoms at baseline;  

Relationship between baseline PPG and health-related quality of life improvement 

assessed by the SAQ-7;  
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Proportion of patients with focal and diffuse disease free from angina after PCI (defined 

by the SAQ-7 angina frequency domain) both in the overall population and in patients with 

symptoms at baseline;  

Proportion of patients with focal and diffuse disease with post-PCI FFR ≥ 0.90 or > 

0.80;  

Rates of TVF defined as a composite of cardiac death, target-vessel myocardial 

infarction, and ischemia-driven target vessel revascularization between patients with focal and 

diffuse disease at one, two and three years;  

Rates of the individual components of TVF, including peri-procedural MI, in patients 

with focal and diffuse disease defined by PPG;  

Impact of intracoronary imaging guidance during PCI on TVF stratified by focal and 

diffuse disease defined by the PPG index. 

In addition, subanalysis addressing the association between microvascular assessment,  

PPG and PRO, comparison of PPG derive in resting and hyperemic conditions, impact of 

analysis of serial lesions the post-PCI FFR predcition by the PPG and a comparison between 

stable and ACS patient are planned. 

 

Clinical event definitions 

Cardiovascular death represents a death resulting from cardiovascular or undetermined 

causes. Myocardial infarction (MI) includes both spontaneous and periprocedural. 

Spontaneous MI represents an infarct after the first 48 hours following PCI or CABG and 

unrelated to the revascularization procedure.20 Periprocedural MI occurs within the first 48 

hours following PCI or CABG. The criteria for peri-procedural MI are shown in Supplemental 

material Table S2.21,22 Target-vessel MI is defined as an MI in the vessel that underwent FFR 

and PPG measurement during the index procedure. Target vessel revascularization (TVR) is 

defined as repeat PCI or CABG of any segment of a target vessel, including the target lesion. 

Target lesion revascularization is defined as a reintervention up to 5 mm proximally or distally 

to the index lesion. Revascularization is considered ischemia-driven if associated with any of 

the following: 1) positive non-invasive stress test or invasive FFR ≤ 0.80; 2) angiographic 

diameter stenosis ≥50% by core laboratory quantitative coronary angiography (QCA) with 

ischemic clinical symptoms or angiography-derived FFR ≤ 0.80; or 3) angiographic diameter 

stenosis ≥70% by core laboratory QCA without angina. Completeness of revascularization will 
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be quantified by the residual SYNTAX score (rSS) with complete revascularization indicating 

an rSS of 0.23   
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Catheterization laboratory protocol 

Vascular access and size of the guiding catheter are left to the operator's discretion. All 

subjects will receive 100 to 200 μg of intracoronary nitroglycerin at the beginning of the 

procedure. An 0.014” coronary wire with a distal pressure sensor (PressureWire X, Abbott 

Vascular, Santa Clara, CA, USA) will be introduced into the target vessel after pressure 

equalization at the tip of the guiding catheter.24 The pressure wire will be positioned in the 

distal coronary artery in a segment ≥ 2mm and at least 15 mm beyond the most distal stenosis 

by visual estimation; its position recorded by contrast angiography. Resting full cycle ratio 

(RFR) and FFR will be measured at the distal wire position. Hyperemia can be induced by various 

pharmacologic agents (e.g., Adenosine, Papaverine, Nicorandil, ATP, etc.) according to local practice. 

The most commonly used hyperemic agents are intra-coronary (IC), Papaverine, Adenosine IV, and 

Nicorandil IC. It's important to note that IC Adenosine cannot be used for PPG assessment because the 

hyperemic time is not long enough to perform a pullback maneuver. The operator will then record 3 

items of the initial strategy in a dedicated pre-PPG questionnaire: (1) the segment to be treated, 

(2) the number of stents, and (3) the total stent length. Subsequently and during maximal 

hyperemia, a manual pullback will be performed at a steady speed over 20 to 30 seconds. All 

operators will be trained via movies on how to perform the manual pullback maneuver.13
  PPG 

will be calculated online using CoroFlow software (version 3.5.1, Coroventis Research, 

Uppsala, Sweden). After the calculation of the PPG, the operator will answer a dedicated post-

PPG questionnaire with the same three questions regarding the treatment plan. After the 

calculation of PPG, deferral of PCI to either CABG or medical therapy is permitted. 

Measurement of the microvascular function (coronary flow reserve [CFR] and index of 

microvascular resistance [IMR]) pre- and post-PCI will be performed optionally in selected 

centers. PCI will be performed at the operator’s discretion; the use of intravascular imaging for 

PCI guidance will be encouraged. After PCI, RFR and distal FFR will again be assessed with 

the pressure wire in the same position as before the PCI. Finally, an FFR pullback will be 

repeated, with markers placed at the distal and proximal stent edges to allow for coregistration 

with residual pressure gradients and stent position. The quality of the pressure pullback tracings 

and compliance with the physiology protocol were controlled by the core laboratory, which 

provided feedback to the investigators on the adequacy of the tracings during the first ten cases 

in every site.    
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Calculation of the PPG 

 The formula for PPG has been described and modified previously.13 Its equation 

combines two equally-weighted parameters: 

𝐏𝐏𝐆

=

Maximal Pressure Gradient over 20% pullback duration
Vessel FFR gradient

+ (1 − proportion of pullback time with FFR deterioration) 

2
 

 The maximal pressure gradient over 20% of the pullback duration calculates the 

pressure drop over a fixed time window lasting 20% of the total pullback duration. Likewise, 

the proportion of pullback time with FFR deterioration uses an FFR threshold of 0.0015 units 

per time. The adapted formula has been incorporated into a commercial console and allows for 

calculation of the PPG after a manual pullback manuever (CoroFlow, Coroventis Research, 

Uppsala, Sweden). Figure 2 shows the diffuse to focal functional CAD spectrum. 

The Seven Items Seattle Angina Questionnaire  

The 7-items Seattle Angina Questionnaire (SAQ-7) is a shortened version of a 

commonly-used tool to measure health status by quantifying anginal symptoms, functional 

limitations due to angina, and the impact of angina on quality of life. The SAQ-7 summary 

score and scores from its individual domains will be used to quantify angina frequency, 

physical limitation and quality of life. In addition, angina frequency scores will be categorized 

into daily or weekly (≤ 60), monthly (>60, < 100), or none (= 100), and for the domains of 

physical limitation and quality into poor or fair (< 50), good (≥50, < 75), or excellent (≥75) 

categories.25 

Clinical decision and treatment 

 While an FFR ≤ 0.80 is considered abnormal and revascularization deemed appropriate, 

there is no guidance on a PPG threshold; therefore, no threshold was provided to operators 

regarding the PPG value. As the first clinical decision is registered before the pullback, this 

clinical decision resembles a strategy without access to the PPG value or the pullback curve 

pattern, as is common in clinical practice. Based on prior work, we hypothesize that PCI of 

lesions in vessels with low PPG (representing more diffuse disease) will lead to low post-PCI 

FFR, less angina relief, and more frequent target vessel failure (TVF). 

Clinical Follow-up 

Patients will be followed up to 36 months. Follow-up can occur either by a clinical visit 

or by telephone contact. During the first-year follow-up interview, an SAQ-7 will be re-
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administered, and clinical status will be collected at 12, 24, and 36 months. Documentation of 

hospital records will be reviewed for all subjects admitted for major adverse coronary events 

(cardiac death, periprocedural and spontaneous myocardial infarction, target vessel 

revascularization, and stent thrombosis). Based on the documentation provided by the local 

site, clinical endpoints will be adjudicated by an independent clinical events committee (CEC). 

Statistical analysis and Sample size 

We hypothesize that PPG will predict optimal revascularization defined as post-PCI 

FFR ≥ 0.88 with an expected area under the ROC curve (AUC) of 0.80.14 Under the 

assumptions of power of 90%, 2.5% two-sided alpha, a sample size of 128 patients will be 

required. The study will also be powered for the key major secondary objective of the impact 

of PPG on treatment decisions expecting a 20% change in revascularization decisions from the 

initial intention to perform PCI to either CABG or medical therapy. Considering a width of the 

95% confidence interval of 5%, a sample size of 982 patients will be required to detect this 

change. 

The analysis cohort for the primary outcome will consist only of patients who received 

PCI. For the primary objective, we will calculate the area under the receiver operating 

characteristic (AUC) curve, adjusted by vessel type and pre-PCI FFR, and its 95% bias-

corrected bootstrapped confidence interval (CI) as a measure of PPG discrimination of patients 

achieving optimal revascularization (post-PCI FFR ≥ 0.88). If this interval excludes 0.60 and 

contains ≥ 0.80, the study will have met its primary endpoint. We will then calculate sensitivity, 

specificity, positive and negative likelihood ratios to identify the most appropriate baseline 

PPG cut-off(s) to identify patients who will likely achieve optimal revascularization. We will 

use two different linear regression models to predict patients’ post-PCI FFR one using baseline 

PPG dichotomized according to the selected cut-off, and one using baseline PPG on a 

continuous scale as predictor, with both models including vessel type and pre-PCI FFR as 

additional predictors. Discrimination based on AUC, likelihood ratios associated with 

identified cut-off(s) of baseline PPG, calibration of predicted post-PCI FFR from dichotomized 

baseline PPG, and calibration of predicted post-PCI FFR from baseline PPG will be internally 

validated in the temporally defined derivation cohort based on 500 bootstrap samples with 

replacement (primary validation), and then validated in the temporally defined validation 

cohort (secondary validation).26 Calibration is defined as the agreement between observed and 

predicted values and will be assessed using calibration plots, ratio of predicted to observed 
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post-PCI FFR, and calibration-in-the-large.27 Therefore, this analysis will provide a PPG 

threshold for the prediction of optimal revascularization based on post-PCI FFR. For the 

secondary endpoints, the definition of focal and diffuse coronary artery disease will be based 

on the baseline PPG threshold derived from the AUC analysis.4 Patients reported-outcomes 

will be evaluated by comparing focal and diffuse disease using linear regression models 

adjusted by outcomes’ baseline values and medication use. Clinical outcomes between patients 

with focal and diffuse disease will be assessed using adjusted multivariable logistic regression 

and Cox regression analyses.  

Study limitations 

Because of the nonrandomized, observational, and nonblinded design, certain 

limitations apply. The primary objective will be assessed using the AUC method using a post-

PCI FFR cut-off of 0.88.14 However, after starting this study a large pooled analysis indicated 

an optimal post-PCI FFR threshold of 0.86 to predict target vessel failure, very similar to the 

0.88 prospectively chosen in this registry.28 Clinical thresholds for PPG have not yet been fully 

determined; therefore, there is no guidance regarding treatment decisions based on the PPG 

value at the current stage.  

Role of the funding source and study oversight 

The PPG Global Registry is an investigator-initiated trial sponsored by the Cardiac 

Research Institute Aalst with an unrestricted grant from Abbott Vascular. The grant giver will 

not be involved in the study design, data collection, and data analysis. A core laboratory 

(CoreAalst BV, Aalst, Belgium) will analyze imaging and physiological data. An independent 

CEC will adjudicate all endpoints, blinded to the physiological data. 

Results  

Recruitment is ongoing, and the primary endpoint is anticipated in the second half of 

2023. Figure 3 shows two case examples from the PPG global registry with FFR pullback 

before and after PCI in focal and diffuse CAD. 

Discussion 

Studies in which the indication of PCI has been set on the grounds of intracoronary 

physiology have shown that, after an angiographically successful procedure, approximately 

one-fourth of patients show residual flow-limiting epicardial vessel disease.15,29,30 The main 

reasons for low FFR after PCI relate to residual atherosclerotic disease or suboptimal stent 

deployment.31 By anticipating the impact of residual disease after PCI, PPG provides a tool to 
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predict post-PCI FFR and angina improvement, thereby allowing personalized 

revascularization decisions. PPG pullback augments the single value distal FFR evaluation by 

quantifying the CAD pattern and identifying focal pressure gradients amenable to PCI. The 

present study will determine PPG's predictive capacity for post-PCI physiology. In addition, 

the change in treatment decision after systematic longitudinal vessel investigation with 

hyperemic manual pullbacks will be defined. Furthermore, the impact of focal and diffuse 

disease quantified based on intracoronary hemodynamics on patient-reported and clinical 

outcomes will be assessed at mid-term follow-up.  

The field of coronary physiology continues to evolve, and longitudinal pressure 

evaluation obtained by manual pullback manuevers has been shown to have clinical 

implications and predict the interventions' results.4 Pullback maneuvers can be performed in 

resting or hyperemic conditions to define the disease as focal or diffuse. In addition to PPG 

Global, a randomized clinical trial, Distal Evaluation of Functional Performance With 

Intravascular Sensors to Assess the Narrowing Effect: Guided Physiologic Stenting (DEFINE-

GPS NCT04451044), which uses co-registration of instantaneous- wave-free period (iFR) with 

angiography, is also utilizing systematic pullback evaluations to plan and guide PCI. These 

trials will shed light of the effects of PCI in focal vs. diffuse CAD. 

Conclusion 

This international, large-scale, controlled, prospective study with pre-specified 

powered hypotheses will determine the ability of the PPG index to predict post-PCI FFR. In 

addition, it will evaluate the impact of PPG on treatment decision-making and the predictive 

performance of PPG for angina relief and clinical outcomes. A subsequent randomized clinical 

trial will be required to assess the clinical benefit of a PPG-guided PCI strategy. 
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Table 1. Inclusion and exclusion criteria 

Inclusion criteria Exclusion criteria 

1. Age >18 years 

2. Provide written informed consent (IC) 

3. Angiographic lesion amenable to PCI 

4. Invasive FFR ≤0.80  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8.1 Angiographic exclusion criteria: 

1. Aorto-ostial lesions.   

2. Severe vessel tortuosity*. 

3. Vessel rewiring is deemed 'difficult' by the 

operator.  

4. Bifurcation with planned two-stent strategy. 

8.2 Concomitant contra-indications  

1. NYHA class III or IV, or last known left ventricular 

ejection fraction <30% 

2. Acute STEMI 

3. NSTEMI culprit vessels 

4. Uncontrolled or recurrent ventricular 

tachycardia 

5. Prior myocardial infarction in the treated vessel 

6. History of any haemorrhagic stroke 

7. Active liver disease or hepatic dysfunction, 

defined as AST or ALT > 3 times the upper limit 

of normal 

8. Severe renal dysfunction, defined as an eGFR 

<30 mL/min/1.73 m2 

 

8.3 Other exclusion criteria 

9. Known pregnancy or breastfeeding at the time 

of randomization.  

* Tortuosity is defined as one or more bends of 90° or more, or three or more bends of 45° to 

90° proximal of the diseased segment.  
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Figure 1 Study Flowchart 

Detailed flow of the study, with first and second clinical decisions registered in dedicated 

questionnaires. The second (or adapted) clinical decision is registered after FFR pullbacks with 

PPG calculation. PCI or deferral is at the operator’s discretion. Patients will be followed up to 

three years. 

ACS: Acute coronary syndrome; FFR: Fractional flow reserve; SAQ-7: 7-point Seattle Angina 

Questionnaire; PCI: Percutaneous coronary intervention; PPG: Pullback pressure gradient.; 

OMT: Optimized Medical Therapy; CABG: Coronary artery bypass graft 
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Figure 2 Diffuse to Focal functional CAD spectrum  

Fractional flow reserve (FFR) pullbacks with a pullback pressure gradient (PPG) ordered from 

panel A showing diffuse (low PPG) to panel F depicting focal disease (high PPG). 
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Figure 3 Case examples 

Panel A shows the pre-PCI FFR pullback of a mid-LAD lesion with a distal FFR of 0.73 and a 

PPG of 0.66 (calculated with the average of two components of a maximal pressure gradient 

within 20% of the pullback length of 76% and 43% of disease length). The dashed box, for 

illustration purposes,  shows the location of the maximal pressure gradient detected in the 

pullback curve. Panel B shows the baseline angiography, and panel C shows the post-PCI 

angiographic results (the white dashed line indicates the position of the stent). Panel D shows 

the post-PCI FFR pullback with a distal FFR of 0.86. Panel E shows another case with diffuse 

disease; the pre-PCI FFR was 0.71 with a PPG 0.37. Panel F and G show the pre- and post-PCI 

angiography (the white dashed line indicates the position of the stent). Panel H shows a  post-

PCI FFR of 0.69 with residual diffuse disease.  

LAD: Left anterior descending artery; FFR: Fractional flow reserve; PG: Pressure gradient; 

PPG: Pullback pressure gradient. 
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A 70-year-old man with known hypertension, hyperlipidemia, current smoker, and 

history of percutaneous coronary intervention (PCI)presented with stable angina Canadian 

Cardiovascular Society class I under maximal medical therapy. Coronary computed 

tomography angiography showed severe focal stenosis with a minimum lumen area of 2.1 mm2 

in the distal right coronary artery (Figures 1A and 1B). Coronary angiography confirmed the 

coronary computed tomography angiography findings with angiography-derived fractional 

flow reserve (FFR, Pie Medical Imaging) of 0.42 (Figures 1C and 1D). The resting full-cycle 

flow ratio was 0.91, FFR was 0.68, and coronary flow reserve was 2.7 (Figure 2). The patient 

was included in the PPG Global Registry (Pullback Pressure Gradient [PPG] Registry; 

NCT04789317). The FFR manual pullback assessment showed a focal pressure stepup with a 

PPG of 0.91, indicating focal coronary artery disease (Figure 2).1 He underwent PCI with one 

everolimus-eluting stent 4.0 mm 20 mm in the distal right coronary artery. The post-resting 

full-cycle flow ratio remained unchanged at 0.92, whereas FFR and coronary flow reserve 

increased to 0.96 and 3.7, respectively (Figure 2). The post-FFR pullback assessment showed 

a flat curve profile without residual pressure losses in the curve (Figure 3). Discordance 

between hyperemic and non-hyperemic pressure ratio remains a matter of debate. In the present 

case, the large focal pressure gradient was only unmasked during hyperemia. Focal coronary 

artery disease may be one of the underlying factors explaining the discrepancy between FFR 

and nonhyperemicpressure ratio.  
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Figure 1. Pre-PCI Examinations 

(A) Coronary computed tomography angiography showed a noncalcified, severe plaque in the 

distal right coronary artery (arrowheads). (B) Three-dimensional luminal and plaque 

reconstruction (QAngio Cath Lab, Medis Medical Imaging) showed a plaque burden of 92% 

and with low Hounsfield units describing lipid composition. (C) Coronary angiography showed 

a severe focal lesion with diameter stenosis of 87% (arrow). (D) Angiography-derived 

fractional flow reserve was 0.42. D¼ distal; P¼ proximal; PCI¼ percutaneous coronary 

intervention. 
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Figure 2. Physiological Assessment 

The top panel shows the resting pressure ratio (RFR), hyperemic pressure ratio (FFR), and 

coronary flow reserve (CFR) measurements before percutaneous coronary intervention (PCI). 

The middle panel shows the FFR pullback with the pullback pressure gradient (PPG) 

calculation. The red bars represent the magnitude and location of the pressure losses. The 

bottom panel shows RFR, FFR, and CFR measurements after PCI. 
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Figure 3 FFR Pullback Curves Pre- and Post-PCI 

Comparison of fractional flow reserve (FFR) pullback curves between pre- and post-PCI. The 

FFR and FFR pullback curve significantly improve 

with percutaneous coronary intervention (PCI). 
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Abstract 

Background: Diffuse coronary artery disease (CAD) impacts the safety and efficacy of 

percutaneous coronary intervention (PCI). Pathophysiological CAD patterns can be quantified 

using fractional flow reserve (FFR) pullbacks incorporating the pullback pressure gradient 

(PPG) calculation. This study aimed to establish the capacity of PPG to predict optimal 

revascularisation and procedural outcomes. 

Methods: This prospective, investigator-initiated, single-arm, multicentre study enrolled 

patients with at least one epicardial lesion with an FFR ≤ 0.80 scheduled for PCI. Manual FFR 

pullbacks were employed to calculate PPG. The primary outcome of optimal revascularisation 

was defined as a post-PCI FFR ≥ 0.88. 

Results: 993 patients with 1044 vessels were included. The mean FFR was 0.68 ± 0.12, PPG 

0.62 ± 0.17, and post-PCI FFR 0.87 ± 0.07. PPG was significantly correlated with the change 

in FFR after PCI (r=0.65, 95% CI 0.61-0.69, p<0.001) and demonstrated excellent predicted 

capacity for optimal revascularisation (AUC 0.82, 95% CI 0.79-0.84, p<0.001). Conversely, 

FFR alone did not predict revascularisation outcomes (AUC 0.54, 95% CI 0.50-0.57). PPG 

influenced treatment decisions in 14% of patients, redirecting them from PCI to alternative 

treatment modalities. Periprocedural myocardial infarction occurred more frequently in 

patients with low PPG (<0.62) compared to those with focal disease (OR 1.71, 95% CI: 1.00-

2.97).  

Conclusions: Pathophysiological CAD patterns distinctly affect the safety and effectiveness 

of PCI. The PPG showed an excellent predictive capacity for optimal revascularisation and 

demonstrated added value compared to a FFR measurement. 

Clinical Trial Registration: https://classic.clinicaltrials.gov/ct2/show/NCT04789317 
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Structured Graphical Abstract. PPG, revascularization outcomes and treatment decision. 
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Non-standard Abbreviations and Acronyms 

ACS: Acute coronary syndrome. 

AUC: Area under the receiver operating characteristic curve. 

CABG: Coronary artery bypass graft surgery. 

CAD: Coronary artery disease. 

CCS: Canadian cardiovascular society grading of angina pectoris. 

CEC: Clinical events committee. 

CFR: Coronary flow reserve. 

FFR: Fractional flow reserve. 

LAD: Left anterior descending artery. 

LCX: Left circumflex. 

LR: Likelihood ratio. 

MI: Myocardial infarction. 

MT: Medical therapy. 

NHPR: non-hyperaemic pressure ratios. 

PCI: Percutaneous coronary intervention. 

PPG: Pullback pressure gradient. 

QCA: Quantitative coronary angiography. 

RCA: Right coronary artery. 

SAQ-7: Seven-item Seattle angina questionnaire. 

TVF: Target vessel failure. 

ULN: Upper limit of normal. 
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Clinical Perspective 

What is new? 

• The Pullback Pressure Gradient (PPG) standardises the assessment of pathophysiological 

coronary artery disease (CAD) patterns. 

• PPG helps guide revascularisation decisions by assessing the presence and severity of 

diffuse disease. 

• The PPG value, derived after an FFR pullback, provides additional information to FFR 

forecasting revascularisation results. 

 

What are the clinical implications? 

• PPG identifies patients more likely to benefit from PCI. 

• Patients with focal CAD experience greater FFR improvement and lower periprocedural 

myocardial infarction compared to those with diffuse CAD. 

• A randomised clinical trial is warranted to assess the benefit of a PPG-guided PCI 

strategy. 
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Introduction 

 

In stable patients with obstructive coronary artery disease (CAD), the primary goal of 

revascularisation is to improve myocardial blood flow. However, a sizable proportion of 

patients remains with a low fractional flow reserve (FFR) despite angiographically successful 

percutaneous coronary intervention (PCI). Low FFR after PCI is associated with a worse 

prognosis.1 Furthermore, the magnitude of FFR improvement after PCI tracks directly with 

angina relief.2 Therefore, the ability to predict the potential benefits of PCI in terms of final 

vessel physiology carries substantial diagnostic and therapeutic implications. 

FFR measurement captures total pressure loss along the coronary artery. An adjunct 

pullback manoeuvre spatially localises pressure gradients and allows recognition of diffuse 

atherosclerotic patterns. The pullback pressure gradient (PPG) has emerged as an objective 

metric for characterising pressure loss patterns on a continuous scale ranging from 0 = diffuse 

to 1 = focal.3 PPG may allow for the prediction of improvement in blood flow with PCI before 

intervention. Initial studies indicated that PCI might be more effective in patients with focal 

disease.4,5 

Accordingly, the present study aimed to assess the potential of PPG to predict optimal 

revascularisation (defined as post-PCI FFR ≥ 0.88) and to investigate its influence on treatment 

decisions and procedural outcomes. The overarching hypothesis was that PCI would be more 

effective in vessels with high PPG, indicative of focal disease. 

Methods 

PPG Global was a prospective, investigator-initiated, multicentre, international, and 

single-arm study identified at clinicaltrials.gov as NCT04789317. Its design and rationale have 

been published previously.6 Patients aged 18 years and older, who had stable CAD or had 

experienced an acute coronary syndrome (ACS) with non-culprit lesions, were candidates for 

inclusion in the study. Eligible patients had an epicardial angiographic stenosis intended to be 

treated with PCI. For inclusion, lesions had to be defined as haemodynamically significant, 

based on FFR ≤ 0.80. Patients with acute myocardial infarction, ejection fraction < 30%, 

estimated glomerular filtration rate < 30 mL/min/1.73 m2, aorto-ostial lesions, severe vessel 

tortuosity, and planned two-stent bifurcation PCI were excluded. Every participant gave 

written informed consent, and every site received approval from its local institutional review 

board. Supplemental Material Tables S1 and S2 detail the study leadership and committee 
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composition and participating sites. An independent clinical events committee (CEC) 

adjudicated adverse events, blinded to the invasive data. An external core laboratory centralised 

data collection and analysed imaging and physiological data. The study was sponsored by the 

Cardiovascular Research Institute (CRI) Aalst with an unrestricted grant from Abbott Vascular. 

The data that support the findings of this study are available from the corresponding author 

upon reasonable request. 

Invasive Physiology Procedure 

Coronary angiography was acquired in two views at least 30 degrees apart after 

injecting 100 to 200 μg of intracoronary nitroglycerin. A coronary wire equipped with a distal 

pressure sensor (PressureWire X, Abbott Vascular, Santa Clara, CA, USA) was introduced into 

the target vessel after pressure equalisation at the tip of the guiding catheter. The pressure wire 

was positioned in the distal coronary artery in a segment ≥ 2 mm and at least 15 mm beyond 

the most distal stenosis by visual estimation. Wire position was recorded during a contrast 

injection. A standardised physiological assessment was performed, including measurements of 

non-hyperaemic pressure ratios (NHPR), distal FFR, and a manual pullback during hyperaemia 

induced by a pharmacologic agent that ensured sufficient hyperaemic plateau (Supplemental 

Table S3). During study initiation, operators received training on the pullback manoeuvre, 

which involved the manual withdrawal of the pressure wire at a constant speed during 20 to 30 

seconds. When the pressure sensor reached the catheter tip, the pullback recording was stopped, 

and PPG was calculated onsite using CoroFlow software v3.5.1 (Coroventis Research AB, 

Uppsala, Sweden). The calculation of the PPG involves the integration of two parameters 

derived from the FFR pullback curves, specifically the maximal pressure gradient observed 

over 20% of the pullback duration and the extent of functional disease. This integration of these 

parameters results in a numerical value ranging from 0 to 1. PPG values nearing 1.0 are 

indicative of focal disease, while values approaching 0 signify diffuse CAD.3 FFR Pullbacks 

after PCI were analysed to derive the residual PPG defined as the maximal focal pressure 

gradients in FFR units in 20% of the pullback duration.7 

Before performing the PPG assessment, operators answered a dedicated questionnaire 

about the anticipated PCI strategy to assess the impact of the PPG on decision-making. Based 

on the PPG value, operators could opt for medical therapy or coronary artery bypass graft 

(CABG) surgery instead of PCI. The change in decision-making to CABG or medical therapy 

after a comprehensive physiological assessment with FFR and PPG was left at the operator's 



               

 

 

292 

discretion. In cases undergoing PCI, the procedure was performed according to the operator's 

discretion with encouraged use of everolimus-eluting stents (Xience drug-eluting stent, Abbott 

Vascular). Following PCI, NHPR and FFR were measured at the same anatomical location as 

before PCI, and a post-PCI FFR pullback was repeated with visual co-registration of the stent 

position on the pressure tracing. Physicians were allowed to optimise PCI based on post-PCI 

physiology. Additional measurements of coronary flow reserve (CFR) before and after PCI 

were encouraged. 

Core Laboratory Analysis 

All angiographic and physiologic data underwent centralised, independent review at 

the CoreAalst core laboratory. Quantitative coronary angiography (QCA) was performed via 

two views using three-dimensional (3D) QCA with CAAS 8.2 software (Pie Medical Imaging, 

Maastricht, the Netherlands). Offline evaluation of physiology tracings was conducted using 

CoroFlow software (Coroventis Research AB, Uppsala, Sweden). The physiology core 

laboratory assessed each recording for quality following predefined criteria, including an 

examination of the aortic and coronary pressure tracings for any signs of waveform distortion 

or loss, aortic pressure ventricularisation, and the presence of limiting arrhythmias. A binary 

decision was made for each tracing, determining its suitability for inclusion. 

Hyperaemic pullback curves were scrutinised for artifacts and the extent of pressure 

drift, and any drift less than 0.05 was considered acceptable and algorithmically corrected. All 

tracings were reviewed by an experienced physician specialising in physiology measurements. 

During the initial cases conducted at each site, prompt feedback was provided to ensure high 

quality of the physiologic data. Additionally, weekly case review meetings were conducted 

throughout the study's execution for continued education. 

Patient symptoms and clinical outcomes 

Patient symptoms before PCI were collected using the 7-item Seattle Angina 

Questionnaire (SAQ-7) containing three domains: angina frequency, physical limitation, and 

quality of life. Higher scores indicate better health status.8 A score of 100 in the angina 

frequency domain denoted freedom from angina and scores lower than 60 defined severe 

angina. The SAQ-7 questionnaire will be re-administered after one year. 

Target vessel failure (TVF) was defined as cardiac death, target-vessel myocardial 

infarction (MI) and ischaemia-driven target vessel revascularisation. Periprocedural 



               

 

 

293 

myocardial infarction was defined according to the Fourth Universal Definition of Myocardial 

Infarction.9 Troponin measurements were collected from 4 to 24 hours after PCI. Results are 

reported here as a normalised ratio between the value and its established normal threshold 

specific to each local troponin assay, expressed as multiples beyond the upper limit of normal 

(ULN) and specifically categorised as ≥ 5-times ULN, ≥ 35-times ULN, and ≥ 70-times ULN. 

In this report, we present in-hospital clinical outcomes; clinical follow-up will be performed 

for up to 3 years. An independent clinical events committee adjudicated adverse events, blinded 

to the invasive data. 

Objectives 

The primary objective was to determine the predictive capacity of PPG for optimal 

functional revascularisation defined as post-PCI FFR ≥ 0.88.10 The key secondary endpoints 

addressed the influence of PPG on clinical decision-making in patients intended to be treated 

with PCI and assessed the impact of PPG on clinical outcomes.       

Statistical Analysis 

Analyses were performed using R version 4.3.1 (R Foundation for Statistical 

Computing, Vienna, Austria) employing standard statistical techniques; applicable tests were 

two-tailed, and p<0.05 was considered statistically significant. 

The median PPG value of 0.62 was used for the main analysis to categorise vessels in 

predominantly focal and diffuse disease. For the primary objective, i.e., to evaluate the 

predictive capability of PPG to achieve a post-PCI FFR of ≥ 0.88, this cut-off was predefined 

and was based on previous randomized clinical trials assessing the prognostic capacity of post-

PCI FFR for clinical outcomes.10 Sensitivity analyses with different post-PCI FFR cut-offs 

were performed. The area under the receiver operating characteristic curve (AUC) method 

adjusted for epicardial vessel and baseline FFR was used to assess the predictive capacity of 

PPG to predict post-PCI FFR. The optimal PPG cut-off was derived from the Youden’s index. 

Additionally, PPG cut-offs were explored using the positive (LR+) and negative (LR-) 

likelihood ratios. We also report the results after dividing the cohort according to the PPG cut-

off, at a LR+ of 5 and a LR- of 0.40 for achieving optimal revascularisation.11 For group 

comparisons, we used a univariate mixed-effects logistic regression model, where the 

dependent variable is PPG dichotomized as focal (PPG ≥0.62) or diffuse (PPG<0.62), and the 

independent variable is the angiographic, physiological, or procedural characteristic. We used 
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a mixed-effects model with a random intercept at the patient level to account for clustering of 

vessels within patients. Additionally, to determine the capability of PPG to predict the post-

PCI FFR value (on a continuous scale), linear regression models were built using PPG, 

epicardial vessel, and pre-PCI FFR as variables. For the development of the prediction model 

for post-PCI FFR, calibration of the predicted post-PCI FFR from PPG was internally trained 

in a derivation cohort (n = 524: 60%) and then evaluated in a validation cohort (n = 367: 40%); 

cohorts were selected using random sampling.  

Results 

Patient demographics and procedural data 

 Between December 2020 and September 2023, 1004 patients (1057 vessels) were 

enrolled. Invasive physiological assessments were performed in 1057/1057 (100%) and 

880/890 (99%) vessels pre- and post-PCI, respectively (Figure 1). Table 1 shows baseline 

clinical characteristics in the overall population and stratified by CAD pattern. Mean age was 

68 ± 10 years, 24% were female, and 29% of the patients had diabetes. Clinical presentation 

was predominantly stable angina (89%). Patients with focal disease reported greater physical 

limitation, experienced angina more frequently, and reported a lower quality of life compared 

to patients with diffuse disease (Supplemental Table S4). Twenty-four percent of patients 

reported severe angina without difference between focal and diffuse patterns (25% vs. 22%, 

p=0.359). 

   Table 2 shows angiographic, physiologic, and procedural characteristics. The LAD was 

the most frequently assessed vessel (73%). In the overall population, mean diameter stenosis 

and reference vessel diameter were 50 ± 14% and 2.7 ± 0.6 mm; vessels with focal disease had 

more severe stenosis and larger reference size compared to diffuse disease. Vessels with diffuse 

disease were treated with more, smaller diameter, and longer stents than vessels with focal 

CAD (p<0.001 for all).  

Baseline FFR was lower in vessels with focal disease. Overall, FFR increased from 

0.68 ± 0.12 to 0.87 ± 0.07. PPG exhibited significant and moderate correlations with both post-

PCI FFR and the change in FFR (Figure 2). PPG showed a weak correlation with pre-PCI FFR 

(Supplemental Figure S1). Supplemental Material Figure S2 shows the correlations 

between PPG and angiographic parameters. PCI of vessels with focal disease achieved greater 

FFR improvements compared to diffusely diseased vessels ( = 0.26 ± 0.14 vs.  = 0.13 ± 

0.08, p<0.001) and higher final FFR (0.89 ± 0.07 vs. 0.84 ± 0.06, p<0.001). PPG also correlated 
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with changes in CFR after PCI, with a larger improvement in CFR observed in focal disease 

(Supplemental Material Figures S3 and S4).  

PPG showed an excellent capacity to predict post-PCI FFR ≥ 0.88 with an AUC of 0.82 

(95% CI 0.79 to 0.84), and an optimal PPG cut-off was 0.73 (Figure 3). Figure 4 shows case 

examples of focal and diffuse disease before and after PCI. The predictive capacity stratified 

by different post-PCI FFR cut-offs is shown in the Supplemental Material Table S5. PPG 

cut-offs at a LR+ of 5 and a LR- of 0.40 were 0.73 and 0.50, respectively (Supplemental 

Material Table S6). Post-PCI FFR and changes in FFR stratified by these cut-offs are shown 

in the Supplemental Material Figure S5. Conversely, FFR alone did not predict 

revascularisation outcomes (AUC 0.54, 95% CI 0.50-0.57). Suboptimal FFR (<0.88) after an 

angiographically successful PCI occurred in 471 vessels (53.5%) and was significantly higher 

in patients with diffuse disease (37.1% vs 74.0%, p<0.001, Supplemental Material Figure 

S6).  In the post-PCI FFR pullback evaluation, the mean residual PPG was 0.06 ± 0.03 and was 

lower after PCI in vessels with focal disease (0.05 ± 0.03 FFR units in focal disease vs 0.07 ± 

0.04 FFR units in diffuse disease, p<0.001; Supplemental Material Figure S7). Residual PPG 

was not associated with adverse events (Supplemental Material Table S7). 

The model based on PPG, vessel type and baseline FFR to predict the absolute post-

PCI FFR value showed a mean difference of 0 ± 0.05 FFR units compared to invasive post-

PCI FFR (Figure 3). Clinical, angiographic and functional characteristics were well balanced 

between the training and validation cohorts (Supplemental Material Table S8). Prediction of 

post-PCI FFR remained unchanged in different clinical presentations (stable CAD vs. ACS) 

and in the presence of serial lesions (Supplemental Material Figure S9).  

Clinical decision-making 

In the overall cohort of patients intended to be treated by PCI, PPG altered treatment 

decisions in 138 patients (13.9%), leading to CABG referral in 50 (5.0%) and medical 

management in 88 (8.9%). Changes in treatment decisions occurred more frequently after 

detection of diffuse disease with PPG (4% in focal vs 25% in diffuse, p<0.001). PPG was 0.65 

± 0.15 in the PCI cohort vs. 0.51 ± 0.13 in patients referred to CABG vs. 0.48 ± 0.11 in patients 

managed medically (p<0.001; Supplemental Material Figure S9). While PPG was similar in 

patients referred to CABG or deferred to medical therapy (p = 0.139), FFR was lower in 

patients referred to surgical revascularisation (p <0.001).  
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In-hospital clinical outcomes after PCI 

A total of 855 patients (455 with focal and 400 with diffuse disease) underwent PCI. 

The clinical characteristics stratified by disease pattern are shown in the Supplemental 

Material Table S9. The rate of in-hospital TVF was similar between patients with focal vs 

diffuse disease (6.2% vs 9.8%, p=0.056; Figure 5). Target-vessel MI was significantly higher 

in patients with diffuse disease (OR 1.71, 95% CI 1.00 to 2.97); this was driven entirely by a 

higher incidence of periprocedural MI (5.9% vs 9.8%, p=0.040). Supplemental Table S10 

shows the rate of each component of TVF stratified by PPG. Baseline characteristics, and 

procedural and clinical outcomes stratified by PPG tertiles are shown in the Supplemental 

Material Tables S11 and S12. 

Discussion 

 This prospective, large-scale, multicentre study of the pullback pressure gradient (PPG) 

offers several insights into the clinical relevance of applying coronary physiology in a novel 

way to differentiate focal from diffuse disease. First, PPG discriminates between patients who 

will have optimal functional revascularisation from those who will have a suboptimal FFR after 

PCI, FFR alone did not predict revascularisation outcomes; second, patients with 

predominantly focal disease defined by PPG (>0.62) achieved higher final FFR values after 

PCI compared to those with diffuse disease; third, PPG before intervention predicted post-PCI 

FFR accurately; fourth, the measurement of PPG in patients already planned to undergo PCI 

changed the revascularisation decision in one out of seven patients and, finally, PCI of vessels 

with focal disease was associated with a lower rate of periprocedural myocardial infarction 

than with diffuse disease. 

Pressure-derived epicardial physiology 

Coronary physiology has been mainly utilised to define haemodynamic lesion severity. 

Measurement of one distal FFR value provides information on the perfusion of the underlying 

myocardial territory expressed on a scale from 0 to 1. A pullback manoeuvre complements this 

evaluation by adding the spatial distribution of abnormal epicardial resistance, which PPG 

quantifies, and it is also expressed on a scale from 0 to 1. Hence, FFR assesses the severity of 

epicardial resistance, while PPG portrays its spatial distribution. The two indices, both derived 

from intracoronary pressure measurements, are therefore highly complementary. PPG, in 
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addition to FFR, adds a second dimension to epicardial coronary physiology. FFR helps decide 

the need for revascularisation, while PPG offers insight into the potential outcomes of PCI.  

From a practical standpoint, obtaining PPG can be seamlessly integrated into the same 

measurement procedure as FFR by performing a manual pullback. The extra time required to 

gather this additional information is approximately 30 seconds, and the results have been 

shown to be highly reproducible.12 In the present study, PPG values spanned from 0.25 to 0.95, 

with a median of 0.62, which was used to distinguish focal from diffuse CAD in this analysis. 

In addition, we utilised likelihood ratios to derive additional PPG cut-offs and demonstrated 

that physiological and clinical outcomes were progressively improved in patients with PPG > 

0.73 and worse in cases with PPG < 0.50. Nonetheless, despite the AUC and likelihood ratio 

analyses suggesting PPG thresholds were associated with procedural outcomes, we believe that 

PPG should be interpreted as a continuous metric with lower values associated with lower PCI 

clinical success rates and higher values associated with higher blood flow improvement and 

related to nearly complete resolution of angina.3,5 The long-term follow-up of this cohort with 

the collection of clinical and patient-reported outcomes will further inform about PPG cut-offs 

for clinical decision-making. 

Clinical utility of PPG 

In patients with haemodynamically significant stenoses, PPG identified the subset of 

patients in whom PCI will yield its most favourable outcomes. Vessels with high PPG achieved 

higher post-PCI FFR and larger delta FFR. The pattern of CAD, as quantified by PPG, 

significantly influenced the change in FFR after PCI (R2 = 0.42). In other words, the 

improvement in blood flow after PCI was partly determined by the baseline pathophysiological 

disease pattern. This holds prognostic significance since a low post-PCI FFR independently 

predicts clinical prognosis. In the FAME studies, patients with post-PCI FFR <0.88 had 

significantly higher rates of adverse events compared to those with higher post-PCI FFR.10,13 

Nevertheless, it is essential to acknowledge that post-PCI FFR remains a surrogate marker, 

necessitating clinical follow-up to establish its association with an increased risk of adverse 

events. The present findings are in line with previous studies in which PCI of haemodynamic 

focal disease resulted in larger FFR improvement, higher FFR, reduced ischaemia, and less 

angina compared to vessels with diffuse disease.4,5,14 In the longer term, studies using 

angiography-derived FFR have shown that the risk of TVF after angiographically successful 

PCI is determined by the physiological distribution of coronary atherosclerosis before PCI. In 
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the study by Shin et al. Patients with low angiography-derived PPG, indicative of diffuse 

disease, had a significantly higher risk of TVF compared to those with predominant focal 

disease.15 This segregation of CAD phenotypes using physiology before intervention may 

facilitate better patient selection and improve outcomes with revascularisation.1,16 

After PCI, the residual PPG was higher in vessels with baseline diffuse disease, 

confirming previous observations and suggesting the potential for further improvement in 

epicardial vessel conductance after PCI in diffuse disease.7 The use of coronary physiology, 

targeting residual pressure gradients for PCI optimization, is currently being investigated in the 

INSIGHTFUL-FFR (NCT05437900) and Distal Evaluation of Functional Performance With 

Intravascular Sensors to Assess the Narrowing Effect: Guided Physiologic Stenting (DEFINE 

GPS NCT04451044) randomized clinical trials. 

Forecasting post-PCI results and patient selection 

The expansion of coronary physiology toward predicting PCI results will likely 

influence the contemporary management of CAD. The present study demonstrated an excellent 

predictive capacity of the PPG for optimal post-PCI physiology, with a PPG cut-off of 0.73. 

PPG cut-offs predictive of symptom improvement and clinical outcomes will be derived from 

long-term data collection. Post-PCI FFR can be forecast using several tools, e.g., the PCI 

planner derived from coronary CT angiography, angiography-derived software, and invasively 

with an instantaneous wave-free ratio system.17-19 All of these approaches are based on the 

potential physiologic effects of stent implantation.20 In the present study, the PPG predicted 

the absolute post-PCI FFR value without bias and with an acceptable precision (mean 

difference of 0 with SD of 0.05 FFR units compared to invasively measured FFR); however, 

there was a trend to higher differences between the predicted and measured in lower post-PCI 

FFR values. Vessel-level prediction of outcomes may avoid unnecessary procedures when the 

expected benefit of the intervention is low and may also be useful in the consenting and shared 

decision-making process. In this study, we observed that in patients with haemodynamically 

significant disease intended to be treated by PCI, knowledge of PPG changed the initial clinical 

decision in one out of seven patients. Patients referred for CABG or managed medically had a 

significantly lower PPG than those treated with PCI. Interestingly, patients referred to surgery 

had lower FFR and higher symptom burden than those managed medically, even with 

comparable PPG values. In patients with diffuse disease, van Beek and colleagues found no 

discernible difference in clinical outcomes between those treated with CABG and those 
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managed medically over a two-year follow-up.21 Another study indicated investigating 

outcomes of CABG showed a significantly lower patency rate of the internal mammary artery 

in cases with baseline diffuse functional disease.22 Phenotypically, plaque composition in 

patients with diffuse disease appears to be more stable, being atherosclerosis primarily of a 

calcific nature.23 The current study additionally demonstrates that at baseline, patients with 

diffuse disease had less angina burden and a better quality of life compared to those with focal 

disease. Collectively, these findings suggest that medical therapy may be an acceptable initial 

strategy for managing patients with diffuse disease, reserving revascularisation for individuals 

with persistent symptoms despite medical therapy. However, it is essential to acknowledge that 

determining the optimal approach for treating diffuse coronary artery disease (CAD) requires 

further investigation. The introduction of PPG holds promise for standardising its diagnosis 

and facilitating future trials in this domain.  

Considering clinical translation, the results of this study indicate that in patients with 

CAD scheduled for invasive management, PPG guidance may optimise revascularisation 

decisions, improve the benefit-risk ratio for periprocedural myocardial infarction, and improve 

clinical outcomes. Therefore, a randomised clinical trial is warranted to compare the safety and 

effectiveness of a PPG-guided PCI approach. 

Limitations 

The present study has several limitations. First, the inclusion criteria were based on the 

decision of the operator to perform PCI; therefore, these results do not apply to patients with 

extensive, diffuse multivessel disease. Second, the study was not powered to detect differences 

in clinical outcomes, and thus, these findings should be interpreted as hypothesis-generating 

Moreover, the differences in clinical outcomes were sensitive to the PPG cut-off used. Third, 

no PPG threshold was offered at the start of the study to guide clinical decision-making. A PPG 

cut-off should be derived from patient-reported or clinical outcomes; follow-up of this cohort 

is planned for up to 3 years to address this question. Fourth, we used FFR after PCI as a metric 

of optimal revascularisation. Although this definition is supported by many studies, it does not 

address other morphological aspects of PCI that can also be used to define optimal PCI, such 

as stent expansion, also linked to prognosis.24 Fifth, operators were trained to perform manual 

pullbacks with the recommendation of manual wire withdrawal at a constant speed for 20 to 

30 seconds; however, we must recognize that variable pullback speed may influence the 
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pullback morphology and PPG value. Finally, an extended follow-up period is essential to 

assess the benefit of the alterations in patient management prompted by the PPG. 

Conclusion 

Pathophysiological CAD patterns, i.e., focal or diffuse, distinctly affect the safety and 

effectiveness of PCI. Intervention in focal disease, characterised by high PPG values, was 

associated with improved haemodynamic outcomes and reduced myocardial infarction 

compared to vessels with low PPG values. In cases with haemodynamically significant lesions, 

quantifying the PPG index prior to intervention makes it possible to predict which patients will 

achieve optimal revascularisation based on coronary physiology. Further investigation through 

a randomized trial is warranted to explore the potential advantages of a PPG-guided PCI 

strategy. 

 

Sources of Funding 

This study was sponsored by the Cardiovascular Research Institute (CRI) Aalst with an 

unrestricted grant from Abbott Vascular. 
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Table 1. Baseline and clinical characteristics stratified by PPG 

Variable Overall Focal Diffuse p-value 

Number of patients 993 470 523  

Age (years), mean ± SD 67.7 ± 10.2 67.7 ± 10.4 67.6 ± 10.1 0.873 

Gender (male), n (%) 757 (76.2) 347 (73.8) 410 (78.4) 0.107 

BMI, kg/m2 (%), mean ± SD 27.0 ± 8.9 26.7 ± 8.4 27.4 ± 9.3 0.221 

Dyslipidaemia, n (%) 727 (73.2) 343 (73.0) 384 (73.4) 0.932 

Hypertension, n (%) 694 (69.9) 322 (68.5) 372 (71.1) 0.407 

Diabetes mellitus, n (%) 292 (29.4) 136 (28.9) 156 (29.8) 0.812 

Current smoking, n (%) 164 (16.5) 85 (18.1) 79 (15.1) 0.239 

Prior PCI for nontarget vessel, n (%) 277 (27.9) 121 (25.7) 156 (29.9) 0.167 

Prior PCI for target vessel, n (%) 118 (11.9) 47 (10.0) 71 (13.6) 0.099 

Prior MI, n (%) 197 (19.8) 82 (17.4) 115 (22.0) 0.087 

Peripheral artery disease, n (%) 61 (6.1) 26 (5.5) 35 (6.7) 0.530 

Clinical presentation, n (%)    0.156 

NSTEMI 57 (5.8) 20 (4.3) 37 (7.1)  

Unstable angina 53 (5.3) 25 (5.3) 28 (5.4)  

Stable angina 881 (88.9) 425 (90.4) 456 (87.5)  

Symptom (Stable angina), n (%)*    0.003 

  Asymptomatic 119 (12.0) 43 (9.1) 76 (14.6)  

  Silent ischaemia*** 141 (14.2) 55 (11.7) 86 (16.5)  

  CCS I 304 (30.7) 162 (34.5) 142 (27.3)  

  CCS II 223 (22.5) 112 (23.8) 111 (21.3)  

  CCS III 76 (7.7) 43 (9.1) 33 (6.3)  

  CCS IV 18 (1.8) 10 (2.1) 8 (1.5)  

LVEF (%), mean ± SD 58.3 ± 9.5 59.3 ± 9.4 57.4 ± 9.5 0.001 

For patients with multivessel interrogation, the lowest PPG was used for the patient-level 

analysis.  

* As assessed by the treating physician.  

** Define as s positive functional non-invasive test in an asymptomatic patient.  

BMI = Body Mass Index; PCI = Percutaneous coronary intervention; MI = Myocardial 

infarction; NSTEMI = Non-ST elevation myocardial infarction; CCS = Canadian 

Cardiovascular Society Angina Score; LVEF = Left ventricular ejection fraction  
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Table 2. Angiographic, physiological, and procedural characteristics stratified by PPG. 

Variable Overall Focal Diffuse p-value 

Number of vessels 1044 515 529  

Vessel (%)     

  LAD 756 (72.5) 283 (55.0) 473 (89.6) Ref. 

  LCX 123 (11.8) 105 (20.4) 18 (3.4) <0.001 

  RCA 164 (15.7) 127 (24.7) 37 (7.0) <0.001 

Serial lesions*, n (%) 212 (20.3) 83 (16.1) 129 (24.5) <0.001 

Minimal lumen diameter (mm), 

mean ± SD 
1.49 ± 0.51 1.38 ± 0.55 1.59 ± 0.45 <0.001 

Diameter stenosis (%), mean ± SD 50.1 ± 14.1 56.5 ± 13.0 44.0 ± 12.3 <0.001 

Reference vessel diameter (mm), 

mean ± SD 
2.65 ± 0.57 2.75 ± 0.60 2.55 ± 0.53 <0.001 

Lesion length (mm), median [IQR] 17.4 [11.6, 26.2] 16.7 [11.1, 25.2] 17.8 [12.1, 27.6] 0.029 

FFR, mean ± SD 0.68 ± 0.12 0.63 ± 0.13 0.72 ± 0.08 <0.001 

PPG, mean ± SD 0.62 ± 0.16 0.76 ± 0.09 0.49 ± 0.08 <0.001 

Vessels undergoing PCI, n (%) 890 (85.2) 494 (95.9) 396 (74.9) <0.001 

Number of stents, mean ± SD 1.14 ± 0.37 1.08 ± 0.29 1.21 ± 0.44 <0.001 

Stent length (mm), mean ± SD 32.4 ± 16.6 28.6 ± 13.7 37.3 ± 18.7 <0.001 

Stent diameter (mm), mean ± SD 3.04 ± 0.44 3.09 ± 0.48 2.97 ± 0.38 <0.001 

Intracoronary imaging PCI (%), n 

(%) 
395 (44.4) 234 (47.4) 161 (40.7) 0.046 

Pre dilatation (%), n (%) 780 (87.7) 429 (87.0) 351 (88.6) 0.465 

Post dilatation (%), n (%) 662 (74.5) 347 (70.4) 315 (79.7) 0.002 

Post-PCI FFR, mean ± SD 0.87 ± 0.07 0.89 ± 0.07 0.84 ± 0.06 <0.001 

Delta FFR, mean ± SD 0.20 ± 0.13 0.26 ± 0.14 0.13 ± 0.08 <0.001 

Delta FFR (%), mean ± SD 58 ± 23 69 ± 19 44 ± 19 <0.001 

Pre-PCI CFR, mean ± SD 2.39 ± 1.29 2.22 ± 1.31 2.55 ± 1.26 0.044 

Post-PCI CFR, mean ± SD 3.19 ± 1.93 3.47 ± 2.06 2.78 ± 1.63 0.015 

Delta CFR, mean ± SD 0.77 ± 1.84 1.18 ± 1.94 0.19 ± 1.52 <0.001 

* Serial lesions were site-reported based on angiography alone. 

 254 vessels were available.  188 vessels were available.  170 vessels were available. 

LAD = Left anterior descending artery; LCX = Left circumflex artery; RCA = Right coronary 

artery; FFR = Fractional flow reserve; PPG = Pullback pressure gradient; CABG = Coronary 

artery bypass graft sugery; OMT = Optimal medical therapy; PCI = Percutaneous coronary 

intervention;   
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Figure 1. Study Flow chart. 

FFR = fractional flow reserve; PPG = pullback pressure gradient; PCI = percutaneous coronary 

intervention. 
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Figure 2. Correlation between PPG and FFR before and after PCI.  

Panel A shows the relationship between PPG and post-PCI FFR. Panel B shows the relationship 

between PPG and delta FFR (%) ((post-PCI FFR – pre-PCI FFR)/ (1 – pre-PCI FFR)). Panel 

C shows the relationship between PPG and change in FFR after PCI; the triangles indicate the 

FFR at baseline, and the circles the post-PCI FFR. The length of the lines displays the change 

in FFR. The blue lines indicate PCI, where FFR post-PCI was higher than 0.88, and the red 

lines where post-PCI FFR was less than 0.88.   
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Figure 3. Predictive capacity of PPG for post-PCI FFR. 

The left panel shows the predictive capacity of PPG (pullback pressure gradient) for predicting 

an FFR after PCI ≥ 0.88.  The right panel shows the mean difference between the prediction of 

FFR in the validation cohort derived from the PPG regression analysis and measured post-PCI 

FFR.
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Figure 4. Case examples of focal and diffuse coronary artery disease. 

Panels A shows an angiogram of a left anterior descending (LAD) artery with a lesion in the 

mid segment; panel B shows the fractional flow reserve (FFR) with a pullback before 

percutaneous coronary interventions (PCI). This case had a FFR 0.77 with a pullback pressure 

gradient (PPG) of 0.81. Panel C shows the angiogram after PCI and panel D the post-PCI FFR 

of 0.90. Panel E shows an angiogram of an LAD with a lesion in the mid segment, panel F 

shows a FFR of 0.55 with a PPG of 0.42, pointing at diffuse coronary artery disease. Panel G 

shows the post-PCI angiogram and panel H the post-PCI FFR of 0.66.  
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Figure 5. In-hospital clinical outcomes after PCI in patients with predominantly focal or diffuse 

disease based on pullback pressure gradient (PPG). 

Patients were stratified based on the median PPG value of 0.62 into predominantly focal or 

diffuse disease. Panel A shows the incidence of target vessel failure (TVF) and its components. 

Panel B shows the rate of target-vessel myocardial infarction (MI) stratified by periprocedural 

or spontaneous MI. The incidence of peri-procedural myocardial infarction was significantly 

higher in patients with diffuse disease.   
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Part F. Discussion and conclusion 
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The present thesis supports the characterisation of atherosclerosis phenotypes in a 

spectrum of focal to diffuse CAD based on intracoronary pressure pullbacks. FFR pullbacks, 

performed manually or motorised, were accurate and reproducible in their ability to quantify 

the CAD using the PPG. Moreover, this provided valuable information in different clinical 

scenarios, such as serial lesions, to provide information for PCI guidance. Evaluation of serial 

lesions by pressure measurements is complex, as the functional contribution of each lesion is 

affected by the presence of the other lesions.1 In vessels with serial lesions, three patterns of 

FFR pullback were described, each adequately identified by a spectrum of PPG values.  

PCI success can be defined based on the improvement of coronary flow, improvement 

of angina, and, ultimately, reduction of cardiovascular events at follow-up. In Chapter 9, we 

demonstrated that improved blood flow with PCI is strongly linked to the pathophysiological 

patterns quantified by the PPG. In addition, we demonstrated that post-PCI FFR is affected by 

vessel size and subtended myocardial mass. We also showed how the distribution of pressure 

losses is associated with wall shear stress patterns in patients with flow-limiting stenosis. 

Finally, we validated these concepts clinically by demonstrating the association between post-

PCI FFR and TVF. Furthermore, we described a distinct predictive ability of post-PCI FFR 

when stratified by the vessel type. The predictive capacity of FFR after PCI in the LAD is poor 

(AUC: 0.52; 95% CI: 0.47-0.58), while in non-LAD vessels, post-PCI FFR had a moderate 

predictive capacity (AUC: 0.66; 95% CI: 0.59-0.73; p = 0.005) for TVF. Consequently, we 

proposed that post-PCI be interpreted according to the vessel type. 

The randomised clinical trial, TARGET-FFR, failed to show a benefit of 

physiologically guided PCI optimisation regarding the proportion of vessels achieving FFR 

after PCI ≥ 0.90. 2 In this thesis, we expanded the understanding of these results by 

demonstrating that the functional pattern of CAD affected TARGET-FFR’s final result. 

Specifically, PIOS was applied more frequently to vessels with diffuse CAD. In patients 
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randomised to PIOS, those with focal disease achieved higher post-PCI FFR than patients with 

diffuse CAD. These findings suggest an interaction between the baseline pattern of CAD and 

the benefit of PCI optimisation based on coronary physiology.  

One of the potential benefits of revascularisation is the reduction of spontaneous MI.3,4 

In untreated vessels, plaque morphology (i.e., high-risk plaques) is associated with MI.5 We 

expanded this knowledge by showing an association between the functional pattern of CAD, 

quantified by the PPG, and plaque morphology, which could help refine patients' selection for 

PCI. Focal CAD had a higher plaque burden (87 ± 8% vs 82 ± 1%; p = 0.003), higher 

prevalence of circumferential lipid-rich plaque (37% vs 4%; p= 0.001) and TCFA (47% vs 

10%; p= 0.002). Diffuse CAD had a higher prevalence of calcifications (Agatston score per 

vessel: 51 [IQR: 11-204] focal vs 158 [IQR: 52-341] diffuse; P= 0.024). Additionally, focal 

CAD by PPG predicted the presence of TCFA with an area under the curve of 0.73 (95% CI: 

0.58-0.87). Wall shear stress descriptors, TSVI and time-average wall shear stress (TAWSS) 

predict MI.6 We showed that TSVI was positively correlated with PPG. Vessels with focal 

CAD had significantly higher TAWSS and TSVI. PPG is associated with high-risk morphology 

and haemodynamics.  

PPG standardises the assessment of the CAD pattern, allowing a reproducible definition 

of diffuse CAD. The PPG concept was validated clinically regarding the patient’s response to 

PCI stratified by the pathophysiological CAD pattern. PCI in vessels with high PPG (focal 

CAD) resulted in higher post-PCI FFR (0.91±0.07 vs 0.86±0.05, P<0.001) and larger minimal 

stent area (6.3±2.3 mm2 in focal versus 5.3±1.8 mm2 in diffuse CAD, p=0.015) compared to 

vessels with low PPG (diffuse CAD). Furthermore, PPG improved the capacity to predict 

optimal PCI results compared to the angiographic assessment alone (AUCPPG 0.81 [95% CI, 

0.73– 0.88] vs AUCangio 0.51 [95% CI, 0.42– 0.60]; P<0.001). Nevertheless, despite the leap 

in understanding CAD, the treatment of diffuse CAD remains an unmet clinical need.7 
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PCI in stable coronary artery disease improves angina in a placebo-controlled trial.8 

This thesis showed that this effect is heightened in patients with focal CAD who underwent 

PCI, as these patients had significantly higher SAQ-7 scores at follow-up than those with 

diffuse CAD. Residual angina after PCI was significantly less prevalent in those treated for 

focal CAD (27.5% vs 51.9%; p= 0.020). In summary, focal disease defined by high PPG 

correlates with the morphological features of plaques. It is associated with higher post-PCI 

FFR, larger minimal stent area, improvement in angina and quality of life. 

To validate PPG as a predictor of PCI outcomes, we designed a prospective, 

investigator-initiated, multicentre, international, large-scale study. The study had prespecified 

adequately powered hypotheses. Patients with functionally significant coronary lesions 

(FFR≤0.80) intended to undergo PCI were included. The primary endpoint was the predictive 

capacity of PPG for post-PCI FFR. PPG was significantly correlated with the change in FFR 

after PCI (r=0.65, 95% CI 0.61-0.69, p<0.001) and demonstrated excellent predictive capacity 

for optimal revascularisation (AUC 0.82, 95% CI 0.79-0.84, p<0.001). PPG influenced 

treatment decisions in 14% of patients, deferring them from PCI. Periprocedural myocardial 

infarction occurred more frequently in patients with low PPG (<0.62) compared to those with 

focal disease (OR 1.83, 95% CI: 1.02-3.34). These findings establish PPG as a pre-procedural 

tool that predicts the safety and effectiveness of PCI. Future investigations will help better 

understand the benefit of a PPG-guided PCI strategy.  

Conclusion 

 PPG, derived from FFR pullbacks, characterises the pathophysiological CAD patterns.  

High PPG was associated with high-risk plaque morphology. It also correlated with greater 

FFR improvement after PCI with higher rates of angina relief and a lower incidence of 

periprocedural MI compared to diffuse disease. Therefore, PPG adds clinical value to FFR in 

decision-making about revascularisation in patients with obstructive coronary artery disease. 
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The one-year follow-up of PPG Global is awaited and will confirm the differential outcomes 

of PCI in focal versus diffuse CAD. 
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