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also be considered in patients with epicardial 

coronary disease.7

Thermodilution-based assessment of CMd in-

volves injecting 3 ml of room-temperature saline 

CMd and endothelial-dependent vasomotor dys-

function are early manifestations of atheroscle-

rosis that can progress to obstructive Cad, the 

assessment of microcirculatory function could 

Figure 1.—#FullPhysiology step-by-step assessment of coronary circulation.
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Full Physiology

A modern systematic approach for implementing coronary

physiology into daily practice

The #FullPhysiology approach consists of a systematic step-

by-step assessment of each component of the coronary

circulation, including epicardial, microvascular, and

vasomotor function.

The approach should be tailored to the patient’s clinical

presentation and condition.
Scarsini R. et al. Minerva Cardiol Angiol 2023;71:504-14.



Step I: epicardial vessel

The evaluation begins with the measuring the non-hyperemic

pressure ratio (NHPR). Following this, fractional flow reserve

(FFR) should be assessed.
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IMPIEGO DELLA FFR NEI PAZIENTI CON CAD 

G ITAL CARDIOL    |   VOL 21    |   GENNAIO 2020

in confronto alle metodiche di imaging non invasivo, la FFR 
presentasse un valore predittivo positivo pari al 100%, veniva 
a crearsi una zona grigia (compresa tra 0.75 e 0.80) in cui la 
decisione sul trattamento conservativo o terapeutico poteva 
apparire piuttosto ambigua3. Inoltre, un recente studio osser-
vazionale ha dimostrato un outcome clinico peggiore per i 
pazienti con una stenosi epicardica lasciata a terapia conser-
vativa sulla base di un valore di FFR compreso nella cosiddetta 
zona grigia12.

Per essere quindi maggiormente inclusivi e senza compro-
mettere la specificità della metodica, il valore di cut-off oggi 
impiegato per la valutazione con FFR delle stenosi coronariche 
epicardiche è 0.8011. Quindi, sebbene oltre alla possibilità di 
determinare ischemia inducibile altri fattori possano concor-
rere a determinare eventi clinici avversi (es. la localizzazione 
delle lesioni, la morfologia, ecc.), il trattamento di tutte quelle 
lesioni con un valore di FFR )0.80 è associato ad un miglior 
outcome clinico rispetto alla sola terapia medica. Invece, 
l’outcome clinico di quei pazienti con una stenosi epicardica 
con un valore di FFR >0.80, pur presentando comunque un 
basso rischio di eventi al follow-up, non è migliorato dalla 
rivascolarizzazione rispetto alla sola terapia medica ottimale12. 
C’è da aggiungere, inoltre, che non è la sola presenza o as-
senza di ischemia inducibile a determinare l’outcome clinico 
dei pazienti con CAD, ma la gravità o il grado di ischemia 
inducibile. Infatti, diversi studi hanno dimostrato la presenza 
di una relazione continua e indipendente tra i valori di FFR 
e l’incidenza di eventi avversi13,14; per tale motivo, il valore 
di FFR non dovrebbe essere considerato dicotomico, valido 
cioè alla sola determinazione della presenza o meno di ische-
mia inducibile, ma piuttosto andrebbe impiegato come uno 
stratificatore del rischio di eventi avversi, dove un valore più 
basso suggerirebbe una maggiore compromissione del flusso 
coronarico e quindi un maggior beneficio dalla rivascolariz-
zazione. 

Iperemia massimale
L’iperemia massimale costituisce il prerequisito fondamentale 
per il calcolo della FFR, basato sulla riduzione delle resisten-
ze del microcircolo coronarico, consentendo l’esclusione del 
meccanismo di autoregolazione e quindi una relazione lineare 
tra flusso e pressione nel circolo coronarico4.

I farmaci impiegabili a tale scopo sono molteplici e la 
scelta tra loro dipende dalle disponibilità, i costi e l’effica-
cia (Tabella 1). L’agente iperemico ideale dovrebbe avere un 
rapido effetto, una breve durata d’azione, bassi costi e, so-
prattutto, dovrebbe essere esente da effetti collaterali. L’a-

graft. Prima di eseguire la procedura è necessaria opportuna 
anticoagulazione con eparina e somministrazione intracoro-
narica di nitrati. Questi ultimi sono indispensabili per evitare la 
sottostima del valore di FFR, e quindi la sovrastima del signifi-
cato funzionale della stenosi coronarica valutata, dovuta alla 
possibile vasocostrizione indotta dallo stesso filo guida. Con 
la guida posizionata alla distalità del vaso sarà possibile indur-
re l’iperemia massimale, attraverso l’infusione endovenosa, 
o in bolo intracoronarico, di specifici farmaci vasodilatatori, 
come l’adenosina (Tabella 1). Il valore di FFR da considerare 
sarà quindi quello più basso registrato, dopo aver ottenuto 
l’iperemia massimale (smart minimum)11. Un valore di FFR 
)0.80 indica la presenza di una stenosi emodinamicamente 
significativa che richiede, quindi, la rivascolarizzazione11. Nel 
caso questa venisse proposta per via percutanea, la stessa gui-
da, impiegata per il calcolo della FFR, potrà essere impiegata 
per eseguire l’angioplastica. Al termine di questa, la FFR potrà 
essere nuovamente misurata per verificare l’efficacia “funzio-
nale” della rivascolarizzazione. Alla fine di ciascuna misura-
zione è sempre consigliabile eseguire il pull-back del filo guida 
sino all’estremità distale del catetere guida, per verificare la 
stabilità del segnale e l’assenza di “drift”, cioè il riscontro di 
una mancata equalizzazione delle pressioni al termine della 
misurazione.

Valori normali e patologici di riserva frazionale di 
flusso coronarico
La FFR si caratterizza per l’elevata riproducibilità e accura-
tezza11. Nei vasi epicardici sani, in assenza quindi di stenosi 
responsabili di un calo di pressione di perfusione, il valore di 
FFR dovrebbe essere uguale all’unità, dal momento che la 
pressione misurata all’ostio della coronaria dovrebbe essere 
costante sino alla distalità del vaso. Tale situazione è però solo 
virtuale, giacché la presenza di CAD diffusa, senza produrre 
stenosi visibili o quanto meno angiograficamente significati-
ve, contribuisce ad incrementare le resistenze epicardiche de-
terminando in questo modo un valore di FFR <1. Agli esordi 
della metodica, il valore di cut-off impiegato per identificare 
le stenosi coronariche “emodinamicamente” significative era 
posto a 0.75. In questo modo, tutte le stenosi epicardiche con 
un valore di FFR )0.75, responsabili quindi di una riduzione 
del flusso coronarico massimale di almeno il 25%, rispetto al 
flusso massimo ottenibile in condizioni normali, erano consi-
derate idonee alla rivascolarizzazione. Dall’altra parte, inve-
ce, un valore di FFR >0.80 identificava le stenosi epicardiche 
“non emodinamicamente” significative, che pertanto erano 
destinate al trattamento conservativo. Sebbene in tal modo, 

Tabella 1. Farmaci iperemici.

Farmaco Somministrazione Dosaggio Durata effetto Plateau

Adenosina Bolo i.c. 100 µg per la coronaria destra
200 µg per la coronaria sinistra

20 s No

Adenosina Infusione continua e.v. 140 µg/kg/min Entro 60 s dalla fine della 
somministrazione

Sì

Regadenosone Bolo e.v. 0.4 mg 60 s Sì

Nitroprussiato di sodio Bolo i.c. 0.6 µg/kg 30-60 s Sì

Papaverina Bolo i.c. 20 mg 45-60 s Sì

Nicorandil Bolo i.c. 2 mg 30-40 s Sì
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Pijls N.H.J. et al. J Am Coll Cardiol 2007;49:2105–11

Is it safe to defer PCI for non significant stenoses ?



Tonino P.A.L. et al. N Engl J Med 2009;360:213-24

FFR-guided PCI of MVD patients is associated with a better clinical outcome as compared with angio-guided PCI

In MVD patients, is FFR-guided PCI better than Angio-guided PCI?



N Engl J Med 2017;376:1824-34.

DEFINE-FLAIR

Coronary revascularization guided by iFR was noninferior to

revascularization guided by FFR with respect to major adverse

cardiac events at 1 year



iFR SWEDEHEART

N Engl J Med 2017;376:1813-23.



Knuuti J. et al. European Heart Journal (2019) 00, 1-71



1. Systematically using both non-hyperemic and hyperemic physiology offers the advantage of a comprehensive assessment

that includes the vasodilatory response to the hyperemic stimulus.

Any advantage in using both FFR and NHPR?

Di Serafino L. et al. Int J Cardiol. 2023 Jan 1:370:84-89



2. Hybrid approach

Any advantage in using both FFR and NHPR?

The hybrid NHPR-FFR approach has a 93% classification agreement with an FFR-only strategy.
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Any advantage in using both FFR and NHPR?
Warisawa et al; Physiological Pattern of Disease and FFR/iFR

Circ Cardiovasc Interv. 2019;12:e007494. DOI: 10.1161/CIRCINTERVENTIONS.118.007494 May 2019 6

pattern of disease determined by pressure-wire pull-
back further influenced the discordance.

FFR/iFR Discordance and the Physiological 
Pattern of Disease—Helping to Refine the 
Underlying Physiological Mechanism
The physiological mechanism underlying FFR/iFR dis-
cordance has recently been proposed as being due to 

differential coronary flow responses to pharmacologi-
cal hyperemia.8 Specifically, FFR+/iFR− discordance was 
characterized by high hyperemic coronary flow velocity 
and FFR−/iFR+ discordance by low hyperemic coronary 
flow velocity. The findings of the present study may 
help provide a more refined mechanistic explanation 
for FFR/iFR discordance.

In the fluid dynamic equation that determines the 
degree of pressure loss across a stenosis because of 
variations in coronary flow velocity, linear and quadratic 
components are highly dependent on the geometry of 
the lesion itself. Although combined measurements of 
coronary pressure and flow were not performed in the 
current study, our findings suggested that in physiologi-
cally diffuse disease, frictional losses along the length of 
the vessel would be the predominant mode of a pres-
sure energy loss, evident at rest (iFR+) and with only 
minimal increase during hyperemia (FFR−). Conversely, 
in physiologically focal disease, separation losses in the 
near vicinity of the stenosis itself would be the predomi-
nant mode of a pressure energy loss, minimally present 
at rest (iFR−) and evident only during hyperemia (FFR+).

Clinical Implications
Discordance between FFR and iFR has been demon-
strated to be multifactorial in origin, consisting of 
patient, anatomic, and physiological diversities.5–8 Such 
factors should be considered when interpreting the 
results of FFR/iFR discordant cases. However, given that 
the majority of discordance occurs close to the respec-
tive FFR and iFR cut points as in the literature,5–8 the 
clinical importance of FFR/iFR discordance itself should 

Table 3. Comparison of 2 Discordant Groups

FFR−/iFR+ 
Group (n=38)

FFR+/iFR− 
Group (n=41) P Value

Patient characteristics

        Age, y 65.1±11.5 62.7±11.1 0.34

        Men 28 (74) 32 (78) 0.85

        Height, cm 166±9.2 168±8.7 0.48

        Weight, kg 77.9±18.0 78.8±16.7 0.82

        Hypertension 30 (79) 30 (73) 0.74

        Dyslipidemia 24 (63) 26 (63) 1.00

        Diabetes mellitus 16 (42) 10 (24) 0.094

        Renal insufficiency 6 (16) 10 (24) 0.50

        Current smoker 6 (16) 8 (20) 0.67

        Family history of CAD 7 (18) 9 (22) 0.91

        Previous myocardial infarction 7 (18) 10 (24) 0.71

        Severe LVSD 2 (5.3) 3 (7) 1.00

Target vessel and lesion location

        LAD 31 (82) 34 (83) 1.00

        LCx 3 (7.9) 4 (9.8) 1.00

        RCA 3 (7.9) 3 (7.3) 1.00

        LM 3 (7.9) 5 (12) 0.80

        Diagonal branch 1 (2.6) 0 (0) 0.97

        Proximal lesions (LAD, LCx, 
RCA, and LM)

22 (58) 18 (44) 0.22

        LM or ostial LAD lesion 6 (16) 8 (20) 0.89

Quantitative coronary angiography

        Diameter stenosis, % 44.9±13.0 45.4±12.0 0.87

        Minimum lumen diameter, mm 1.64±0.51 1.66±0.40 0.88

        Reference diameter, mm 2.97±0.57 3.09±0.70 0.44

        Lesion length, mm 18.2±12.8 18.0±12.9 0.93

Physiological indices

        FFR 0.84±0.03 0.77±0.04  

        iFR 0.87±0.03 0.92±0.02  

Physiological pattern of disease

        Predominantly physiologically 
focal

7 (18) 24 (59) <0.001

        Predominantly physiologically 
diffuse

31 (82) 17 (41) <0.001

Values are mean±SD or n (%). CAD indicates coronary artery disease; FFR, 
fractional flow reserve; iFR, instantaneous wave-free ratio; LAD, left anterior 
descending artery; LCx, left circumflex artery; LM, left main; LVSD, left 
ventricular systolic dysfunction; and RCA, right coronary artery.

Figure 3. The association between physiological pattern of disease 
and fractional flow reserve (FFR)/instantaneous wave-free ratio (iFR) 
discordance.  
FFR−/iFR+ was significantly more associated with physiologically diffuse pat-
tern of disease, whereas FFR+/iFR− was significantly more associated with 
physiologically focal pattern of disease. PDiffuse indicates predominantly physi-
ologically diffuse; and PFocal, predominantly physiologically focal.
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FFR+/iFR− discordance was significantly more associated with a
physiologically focal pattern of disease.

FFR−/iFR+ discordance was significantly more associated with a
physiologically diffuse pattern of disease.

Warisawa T. et al. Circ Cardiovasc Interv. 2019;12:e007494

3. There are clinical scenarios where NHPR/FFR discordance occurs, and measuring both provides a complete picture of the 
functional status of the coronary vessel.



Nijjer S.S. et al. J Am Coll Cardiol Intv 2014;



CENTRAL ILLUSTRATION Pathophysiological Coronary Artery Disease Patterns and PPG Index

Collet, C. et al. J Am Coll Cardiol. 2019;74(14):1772–84.

Three case examples depicting the pathophysiological patterns of CAD. (Top) Conventional coronary angiography; (middle) the FFR pullback curves; and histograms
depicting the magnitude and extension of FFR drop; and (bottom) details of the PPG calculation. The red bars indicate FFR drops $0.0015. On the top left panel, the
angiography shows a severe lesion in the mid LAD (white arrow) with a distal FFR of 0.68. This lesion produced an FFR drop responsible for 86% of the distal FFR with
a maximum pullback pressure gradient over 20 mm of 0.30 FFR units. Only 20% of the vessel showed functional disease. The PPG index was 0.86, indicating
physiological focal CAD. The top middle panel shows a severe lesion at the proximal LAD and a moderate lesion at mid LAD (white arrows). The maximum pullback
pressure gradient over 20 mm was 0.236 FFR units, with 70.7% of the vessel length showing FFR deterioration, and the PPG index was 0.45. In the top right panel, an
anatomical lesion at the mid LAD (white arrow) was observed with distal FFR of 0.78. The maximum pullback pressure gradient over 20 mm was 0.056, while 73.3% of
the vessel length showed physiological disease. The PPG index was 0.28, indicating physiological diffuse CAD. CAD ¼ coronary artery disease; FFR ¼ fractional flow
reserve; LAD ¼ left anterior descending artery; PPG ¼ pullback pressure gradient.

J A C C V O L . 7 4 , N O . 1 4 , 2 0 1 9 Collet et al.
O C T O B E R 8 , 2 0 1 9 : 1 7 7 2 – 8 4 Pathophysiological Patterns of Coronary Artery Disease
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Collet C. et al. J Am Coll Cardiol 2019;74:1772–84

study, functional deterioration was observed in
almost 40% of the vessel’s length. This finding re-
sembles previous intravascular ultrasound observa-
tions documenting diffuse coronary atherosclerosis in
patients with stable CAD (9). Furthermore, functional
evaluation reclassified diffuse or focal CAD compared
with an angiographic assessment alone. In the pre-
sent study, one-fourth of the vessels assessed as focal
CAD with conventional angiography showed diffuse
functional disease, whereas 1 of 10 vessels with
anatomical diffuse disease were reclassified as focal
CAD using FFR pullbacks. Overall, FFR pullbacks

reclassified 36% of vessel CAD patterns compared
with conventional angiography. However, it is worth
noting that the agreement between anatomy and
physiology might be improved using intravascular
imaging. Visual evaluation of the FFR pullback curve
to determine the CAD pattern increased the interob-
server reproducibility compared with angiography;
nonetheless, an interobserver discrepancy was
observed in 20% of the FFR pullback tracings by vi-
sual estimation.
IMPLICATIONS FOR REVASCULARIZATION STRATEGIES.

The distribution of coronary atherosclerosis

FIGURE 3 Reclassification Between Anatomical and Physiological Assessment on the Pattern of CAD
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The left pie chart presents the classification of the pattern and CAD based on coronary angiography (n ¼ 85 vessels). The right pie chart shows
declassification of the CAD patterns by visual assessment of the motorized FFR pullback curve. CAD ¼ coronary artery disease; CI ¼ confidence interval;
FFR ¼ fractional flow reserve.

Collet et al. J A C C V O L . 7 4 , N O . 1 4 , 2 0 1 9
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accounting for the patient’s symptom burden, the
anatomical scenario, lesion severity, and the baseline
pattern of CAD, along with other clinical information.
In our view, most patients with low PPG can be
treated with optimal medical therapy.11 A 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.

STUDY LIMITATIONS. The first limitation of the pre-
sent study is that it is a single-center randomized
clinical trial of moderate size. Attrition from the
original sample size resulted from the lack of pre-PCI
FFR pullback evaluation in 27% of the patients. The
main reason for this was that the pre-PCI pullback
maneuvers were performed at the operator’s discre-
tion. Second, this is a post hoc analysis of a random-
ized clinical trial; 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 better under-
stand the durability of the findings. Fourth, the PPG
calculation was performed off-line; 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 suc-
cess rates and higher values related to nearly com-
plete resolution of angina. The ongoing PPG Global
Registry (NCT04789317) will include approximately
1,000 stable patients with the collection of clinical
and patient-reported outcomes to confirm the present
findings and further inform about PPG cutoffs for
clinical decision making.

CONCLUSIONS

Residual angina after PCI was frequent and predom-
inantly observed in patients with diffuse CAD as
defined by the pre-PCI PPG. Patients with focal dis-
ease 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.

FIGURE 5 Effect of Coronary Artery Disease Pattern and Results of PCI as a Function
of Patients’ Baseline SAQ Angina Frequency Score

The probability of being angina-free (Seattle Angina Questionnaire [SAQ] Angina Fre-
quency score ¼ 100) at 3 months after percutaneous coronary intervention (PCI) if the
baseline coronary artery disease pattern was focal (blue) or diffuse (red) as a function of
patients’ baseline SAQ Angina Frequency score. Shading represents 95% CIs.

TABLE 4 EQ-5D-5L Questionnaire at Baseline and Follow-Up Stratified by Coronary
Artery Disease Patterns

Overall
Focal

(PPG $0.66)
Diffuse

(PPG <0.66) P Value

Baseline EQ-5D-5L

Mobility score 1.8 " 1.1 1.6 " 1.1 1.9 " 1.0 0.175

Self-care score 1.3 " 0.6 1.2 "0.5 1.4 " 0.6 0.177

Usual activities score 2.2 " 1.1 2.2 " 1.2 2.3 " 1.1 0.699

Pain score 2.1 " 1.0 1.9 " 0.9 2.2 " 1.03 0.125

Anxiety and depression score 1.8 "1.0) 1.7 " 0.9 2.0 " 1.00 0.169

Visual analog scale 69.0 " 19.5 69.0 " 20.2 68.9 " 18.9 0.984

EQ-5D-5L index 0.78 " 0.21 0.80 " 0.21 0.75 " 0.21 0.251

Follow-up EQ-5D-5L

Mobility score 1.62 " 1.0 1.4 " 0.8 1.9 " 1.2 0.014

Self-care score 1.4 " 0.7 1.2 " 0.6 1.5 " 0.8 0.015

Usual activities score 1.8 " 1.0 1.5 " 0.9 2.0 " 1.1 0.027

Pain score 1.7 " 1.0 1.4 " 0.7 2.1 " 1.1 <0.001

Anxiety and depression score 1.7 " 1.0 1.5 " 0.8 1.9 " 1.2 0.076

Visual analog scale 75.7 " 20.9 79.8 "19.1 71.7 " 21.9 0.048

EQ-5D-5L index 0.8 " 0.2 0.9 " 0.2 0.8 " 0.3 0.004

Values are mean " SD.

EQ-5D-5L ¼ EuroQol 5-level 5-dimensional questionnaire; PPG ¼ pullback pressure gradient.

J A C C : C A R D I O V A S C U L A R I N T E R V E N T I O N S V O L . 1 5 , N O . 2 4 , 2 0 2 2 Collet et al
D E C E M B E R 2 6 , 2 0 2 2 : 2 5 0 6 – 2 5 1 8 PPG, Angina, and Quality of Life
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Step II: microcirculation
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Figure 1.—#FullPhysiology step-by-step assessment of coronary circulation.
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≥ 50% of patients referred for coronary angiogram due to

anginal symptoms (and evidence of inducible myocardial

ischemia) do not exhibit obstructive CAD (ANOCA/INOCA)

Microvascular angina (MVA) is the clinical

manifestation of myocardial ischaemia caused

by Coronary Microvascular Dysfunction (CMD).

In this clinical entity, myocardial ischaemia may result from structural remodelling of the microvasculature

(leading to fixed reduced conductance) or vasomotor disorders affecting the coronary arterioles (causing dynamic

arteriolar obstruction) or both.
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10. Thermodilution-Based Tools

Indicator-dilution theory and the “Stewart-Hamilton” equation represent the basis for
measuring the flow in a human district [48,49]. The “indicator” can be represented by a
traceable substance with physical properties (i.e., temperature, pH) that can be measured
while diluted with blood. In addition, a specific device is also required to measure the
“passage” of the indicator during time. This theory is normally applied for the assessment of
the cardiac output, which is measured with a Swan–Ganz catheter placed in the pulmonary
artery, which can measure the variations of blood temperature during the time and allows
injecting saline at room temperature as a “colder than blood” indicator.

In the coronary system, the colder-than-blood indicator can be administered either
as a bolus injection or continuous infusion. In both cases, a specific pressure–temperature
coronary wire must be used to detect both the distal coronary pressure and the temperature
difference while the indicator is diluted (Figure 3).
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11. Thermodilution by Bolus Injection

With a 6 Fr guiding catheter positioned in the coronary ostium, a 0.01400 floppy
pressure–temperature coronary guidewire is advanced through the coronary artery, after
equalization, and located as distal as possible into the target vessel. Thermodilution
curves can be obtained with a short manual injection of 3 to 5 mL of saline at room
temperature, and a time-based temperature change can be recorded in the distal part of
the artery (Figure 4).

Because of the low reproducibility, measurements must be performed three times,
taking care not to move the wire during the injections, during two different periods: at
baseline and during maximal hyperemia [50].

When bolus thermodilution is used to assess coronary flow, the exact volume of the
indicator is not known. In fact, a portion of the injected saline can go lost in the aorta during
bolus injection. In this case, the coronary flow (Q�mL/s) can be approximately calculated
by dividing the vascular volume (V�in mL) by the mean transit time of the indicator (Tmn;
in seconds):

During Adenosine induced maximal hyperemia



IMR = Pd * Tmn_Hyp

A semi-quantitative measure to describe the status of the microcirculation where the mean transit time of a 

bolus of saline infused into the coronary artery is used as a surrogate for flow 

CFR = 1/Tmn_Hyp / 1/Tmn_Basal



CFR reflects the ability of the entire coronary circulation, encompassing both epicardial

and microvascular components, to adapt to increased myocardial oxygen request.

Pathological CFR values are considered to be less than 2.0 and serve as a hallmark of

CMD in the absence of obstructive CAD.

IMR is a specific index of microcirculatory resistance that exhibits relative independence

from hemodynamic conditions. Values equal to or exceeding 25 units are suggestive of

CMD.



Structural coronary microvascular dysfunction (CMD)IMR ≥ 25
CFR < 2.0

IMR < 25
CFR ≥ 2.0

IMR ≥ 25
CFR ≥ 2.0

IMR < 25
CFR < 2.0

Compensated (initial) structural CMD

Functional CMD

Preserved coronary microvascular function
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Up to three quarter of ANOCA patients exhibits identifiable

disorders of coronary vasomotion, including epicardial or

microcirculation vasospasm.

Vasospastic angina (VSA) is the clinical

manifestation of myocardial ischaemia caused by

dynamic epicardial coronary obstruction caused

by a vasomotor disorder.
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In vessels treated with PCI, it is important to repeat the

functional assessment. Pressure wire pullback may highlight

residual focal drop inside and/or outside the stent.

Over the last decade, criticism concerning the use of angiography alone to guide revascularisation decisions has
been extended to the decision of when an optimal functional result of the intervention has been achieved.



The DEFINE PCI Study Jeremias A. et al. J Am Coll Cardiol Intv 2019;12:1991–2001



in FFR can be explained by focal angiographic
severity.

CLINICAL OUTCOMES. Figure 3A shows the normal-
ized 1-year MACE rate from the study-level
meta-regression. The optimal FFR threshold for a
composite of death, MI, and revascularization
occurred at 0.75, rising to 0.90 after Poisson adjust-
ment for variable length of follow-up, suggesting a
sensitivity to how events are temporally distributed
after the procedure. Figure 3B depicts the 1-year
MACE rate on the basis of the unadjusted Cox
regression from the patient-level meta-analysis. The
optimal FFR threshold for a composite of death, MI,
and revascularization occurred at 0.67, rising to 0.76
after adjustment for percent diameter stenosis, likely
due to its significant correlation with FFR as detailed
previously.

Table 2 summarizes the results from study- and
patient-level analyses focusing on different end-
points (composite MACE versus only death and MI
alone), specific subgroups (e.g., left main or acute
coronary syndrome), covariate adjustment (unad-
justed vs. adjusted for percent diameter stenosis),
and statistical model (Cox proportional hazards vs.
logistic regression). Further results can be found in
the Online Appendix for more complex approaches
such as constrained regression and random effects
within subjects (to account for multiple coronary
lesions belonging to the same patient).
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FIGURE 4 FFR Measurements Made Immediately After PCI

(A) Histogram. Lesion-level histogram of post–PCI FFR values from the patient-level analysis colored by tertiles (red, salmon, periwinkle).
(B) Survival curves. Kaplan-Meier event curves for tertiles of post-PCI FFR values (colors match histogram). Both continuous Cox regression
and tertile-based log-rank tests demonstrated a significant (p < 0.001), inverse relationship between post-PCI FFR and subsequent clinical
events. Abbreviations as in Figures 1 and 2.

TABLE 2 FFR Thresholds on The Basis of Outcomes Using Various Models

Model
FFR Threshold

(Composite MACE)
FFR Threshold

(Death, MI Only)

Study Level Meta-Regression

Fixed effects (n ¼ 8,418 patients), unadjusted N/A* N/A

Adjusted 0.90 0.90

Random effects, unadjusted 0.75† 0.75

Adjusted 0.90 0.90

Patient Level Meta-Analysis

Cox model (n ¼ 5,979 total patients), unadjusted 0.67‡ N/A

Adjusted 0.76 0.49

Logistic model, unadjusted 0.62 N/A

Adjusted 0.75 N/A

Logistic model with random effects, unadjusted 0.69 N/A

Adjusted 0.72 N/A

Important Subgroups of Patient-Level Meta-Analysis (Cox Model)

Left main s2tenosis (n ¼ 511 patients), unadjusted 0.86 0.83

Adjusted 0.84 0.82

Acute coronary syndrome (n ¼ 1,196 patients), unadjusted 0.81 N/A

Adjusted 0.83 0.75

Diabetes mellitus (n ¼ 1,511 patients), unadjusted 0.79 N/A

Adjusted 0.77 0.50

Graft conduits (n ¼ 92 patients), unadjusted 0.87 0.94

Adjusted N/A N/A

In-stent restenosis (n ¼ 120 patients), unadjusted 0.88 0.48

Adjusted 0.77 0.63

*N/A indicates that model did not converge to a threshold value within the fractional flow reserve (FFR) range
from 0 to 1. †Figure 3A depicts raw data and fit leading to this threshold. ‡Figure 3B depicts best fit leading to
this threshold.

MACE ¼ major adverse cardiac event(s); MI ¼ myocardial infarction.

Johnson et al. J A C C V O L . 6 4 , N O . 1 6 , 2 0 1 4

FFR and Outcomes O C T O B E R 2 1 , 2 0 1 4 : 1 6 4 1 – 5 4

1650

Johnson N.P. et al. J Am Coll Cardiol. 2014 Oct 21;64(16):1641-54. 
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• Technical or physiological issues

• Stent issues

• Proximal and/or distal residual disease

• Diffuse disease

Reasons for a suboptimal post-PCI FFR

Pressure Drift

Post-PCI FFR

Courtesy of Damien Collison

Instent+focal distal Diffuse
In-Stent +/- Focal Distal Stenosis

Diffuse Disease

Post-PCI FFR

Courtesy of Damien Collison

Instent+focal distal DiffuseReasons for a suboptimal post-PCI FFR



Collet C, et al. ACC Cardiovasc Interv. 2023 Oct 9;16(19):2396-2408.

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. 
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Patients with positive post-PCI FFR values are at higher risk of

target vessel failure, whereas those with positive post-PCI

IMR values may experience residual angina.

Pre- and post-PCI microcirculation assessment could provide a more complete picture of the physiological

findings and contribute to better risk stratification for cardiovascular events of patients undergoing

revascularization



3. Results

A total of 50 patients were enrolled in this study. Baseline clinical
and procedural characteristics are reported in Tables 1 and 2,
respectively.

Measurements of the physiology indexes are reported in the Supple-
mentary Table 1. Procedural success was achieved in all patients, with
TIMI flow 3 and post-PCI FFR values increasing above the ischemic
threshold of 0.80 in all cases. IMR significantly increased after the proce-
dure (21.0 ± 9.8 at baseline vs. 25.4 ± 15.7 post-PCI, p=0.021),
whereas CFR did not significantly change (2.8 ± 1.5 vs. 3.0 ± 1.5, p=
0.397). A significant correlation was found between baseline and post-
PCI IMR values (rho = 0.531, pb0.0001).

3.1. PCI-related myocardial injury and type 4a MI

In the overall cohort, hs-TnT increased from 5.0 [3.0–10.2] at base-
line to amaximumof 26.1 [12.3–52.8] ng/ml (pb0.0001).Myocardial in-
jury occurred in 34 patients (68%), whereas a total of 8 patients (16%)
developed type 4a MI. Maximum post-PCI hs-TnT levels were

significantly higher in thosewith type 4aMI comparedwith thosewith-
out (114.0 [99.1–128.8] vs. 22.3 [11.13–5.2] ng/ml, pb0.0001). Among
patients with type 4aMI, beside post-PCI hs-TnT elevation, 6 developed
new ischemic ECG changes and 2 presented slow coronary flow (TIMI
grade flow 2) at the end of the procedure in the absence of evident dis-
section or intravascular thrombus.

A significant correlation was found between maximum post-PCI hs-
Tn and IMR, both at baseline (rho = 0.309, p=0.029) and post-PCI
(rho=0.378, p=0.007) (Fig. 1, panels A and B). IMR levels were similar
in patients who developed myocardial injury and those who did not,
both at baseline (22.3 ± 10.2 vs. 18.2 ± 8.5, p=0.173) and post-PCI
(30.5 ± 20.1 vs. 23.0 ± 12.4, p=0.120). Patients who developed type
4aMI, compared with those who did not, presented significantly higher
IMR levels, both at baseline (28.3 ± 12.2 vs. 19.6 ± 8.8, p=0.020) and
post-PCI (45.4 ± 21.3 vs. 21.6 ± 11.2, pb0.0001) (Fig. 1, panels C and
D). Although IMR levels did not significantly change from baseline to
post-PCI neither in patients with (p=0.076) nor in those without type
4a MI (p=0.147), peri-procedural IMR changes (Δ IMR) were signifi-
cantly higher in patients who developed type 4a MI compared with
those who did not (17.1 ± 23.3 vs. 2.1 ± 9.0, p=0.002). Conversely,
no significant difference in CFRwas found between patients who devel-
oped type 4a MI and those who did not, both at baseline (2.7 ± 1.5 vs.
3.0 ± 1.5, p=0.565) and post-PCI (2.9 ± 1.3 vs. 3.1 ± 1.7, p=0.866).

3.2. ROC curve analysis

ROC curve analysis demonstrated that baseline IMR could signifi-
cantly discriminate between patients with and without type 4a MI
(area under the curve [AUC]: 0.726; 95% CI: 0.529 to 0.923; p=0.044).
A baseline IMR value N28 was the optimal cutoff point to predict type
4a MI, with a sensitivity of 50%, specificity of 90%, a negative predictive
value (NPV) of 91%, and a positive predictive value (PPV) of 50% (Sup-
plementary Fig. 1, panel A). Similarly, post-PCI IMR could significantly
discriminate between patients with and without type 4a MI (AUC:
0.884; 95% CI: 0.763 to 0.999; pb0.001). A post-PCI IMR value N38 was
the optimal cutoff point to predict type 4a MI, with a sensitivity of
75%, specificity of 93%, a NPV of 95%, and a PPV of 67% (Supplementary
Fig. 1, panel B).

Table 2
Procedural characteristics.

Total cohort (n = 50)

Target vessel, n (%)
LAD 37 (74)
LCx 5 (10)
RCA 8 (16)

Lesion type, n (%)
A 15 (30)
B1 19 (38)
B2 13 (26)
C 3 (6)

Percent stenosis (%) 67.2 ± 12.0
Number of stents 1.3 ± 0.5
Stent diameter (mm) 3.0 ± 0.4
Stent length (mm) 25.1 ± 9.2
Post-dilatation, n (%) 33 (66)

LAD, left anterior descendent; LCx, left circumflex; RCA, right coronary artery.

Fig. 1. Microvascular function, peri-procedural myocardial injury and type 4a myocardial infarction (MI). Correlation between high-sensitivity Troponin T (hs-TnT) and index of
microvascular resistance (IMR) at baseline (Panel A) and post-percutaneous coronary intervention (PCI) (Panel B). Index of microvascular resistance (IMR) at baseline (Panel A) and
post-percutaneous coronary intervention (PCI) (Panel B) according to the occurrence of type 4a MI.

44 F. Mangiacapra et al. / International Journal of Cardiology 306 (2020) 42–46

Dynamic changes of microvascular resistance are strongly associated with the PCI-related myocardial injury and post-PCI IMR 
is a strong predictor of type 4a MI in patients with stable CAD undergoing elective PCI.

Mangiacapra F. et al. International Journal of Cardiology 306 (2020) 42–46
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The optimal treatment of patients requires a complete 
diagnostic workflow in the cath-lab
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