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Fractional flow reserve and
instantaneous wave-free ratio in
coronary artery bypass grafting: a
meta-analysis and practice review
R. G. Abbasciano1†, G. R. Layton2,3†, S. Torre4, N. Abbaker1,
A. Copperwheat3, C. Lucarelli1, S. Bhandari5, S. Nijjer1, G. Mikhail1,
R. Casula1, M. Zakkar2,3*‡ and A. Viviano1‡

1Department of Cardiothoracic Surgery, Imperial College Healthcare NHS Trust, London,
United Kingdom, 2Department of Cardiovascular Sciences, University of Leicester, Leicester,
United Kingdom, 3Department of Cardiac Surgery, University Hospitals of Leicester NHS Trust,
Leicester, United Kingdom, 4Cardiac Surgery Unit, Giaccone Hospital, Palermo, Italy, 5Department of
Cardiology, University Hospitals of Leicester NHS Trust, Leicester, United Kingdom
Objective: Fractional flow reserve (FFR) and instantaneous wave-free ratio (iFR)
are invasive methods to assess the functional significance of intermediate
severity coronary lesions. Both indexes have been extensively validated in
clinical trials in guiding revascularisation in patients with stable ischaemic heart
disease undergoing percutaneous coronary intervention (PCI) with improved
clinical outcomes. However, the role of these tools in coronary artery bypass
grafting (CABG) is less clear.
Methods: A meta-analysis of randomised trials and observational studies was
carried out to help in determining the optimal strategy for assessing lesion
severity and selecting graft targets in patients undergoing CABG. Electronic
searches were carried out on Embase, MEDLINE, and Web of Science. A group
of four authors independently screened and then assessed the retrieved
records. Cochrane’s Risk of Bias and Robins-I tools were used for bias
assessment. A survey was conducted among surgeons and cardiologists to
describe current attitudes towards the preoperative use of functional coronary
investigations in practice.
Results: Clinical outcomes including mortality at 30 days, perioperative
myocardial infarction, number of grafts, incidence of stroke, rate of further
need for revascularisation, and patient-reported quality of life did not differ in
CABG guided by functional testing from those guided by traditional angiography.

The survey revealed that in half of the surgical and cardiology units functional
assessment is performed in CABG patients; there is a general perception that
functional testing has improved patient care and its use would clarify the role
of moderate coronary lesions that often need multidisciplinary rediscussions;
moderate stenosis are felt to be clinically relevant; and anatomical
considerations need to be taken into account together with functional
assessment.
Conclusions: At present, the evidence to support the routine use of functional
testing in intermediate lesions for planning CABG is currently insufficient. The
pooled data currently available do not show an increased risk in mortality,
myocardial injury, and stroke in the FFR/iFR-guided group. Further trials with
highly selected populations are needed to clarify the best strategy.
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1 Introduction

Fractional flow reserve (FFR) and instantaneous wave-free ratio

(iFR) are pressure-derived invasive physiology indexes that

measure the functional significance of coronary lesions (1). FFR

is a measurement of the pressure difference across a coronary

artery stenosis during maximal hyperaemia, which is induced by

the administration of a vasodilator such as adenosine or

papaverine (2), and is usually calculated by dividing the distal

coronary pressure by the proximal aortic pressure during the

entire cardiac cycle with a calculated range from 0 to 1. It is

accepted that an FFR value of less than 0.80 indicates a

hemodynamically significant stenosis (3). The iFR on the other

hand is a more novel non-hyperaemic index that measures the

ratio of the pressure gradient across a coronary artery stenosis

during a specific period of the diastole, namely, the wave-free

period. During the wave-free period, intracoronary resistance is

naturally at its minimum, and the coronary pressure and blood

flow are proportional and stable, without fluctuations (4). The

iFR is calculated by dividing the distal coronary pressure by the

proximal aortic pressure during the wave-free period, and it

ranges from 0 to 1 with a value less than 0.89 indicating a

hemodynamically significant stenosis (5, 6).

Functional testing indexes have been extensively validated in

clinical trials, and their use has been associated with improved

clinical outcomes in patients undergoing percutaneous intervention

(PCI) in the setting of intermediate grade coronary stenoses (40%–

90%), and in multivessel coronary artery disease (CAD) (6–10).

Although these tools are commonly used to guide PCI (11), their

role in coronary artery bypass grafting (CABG) is less clear (12, 13).

Moreover, there are no guidelines clearly outlining if or when

functional coronary physiology indexes should be used before

coronary surgery and so implementation appears to be largely unit

dependent; their role therefore remains contentious, with the

population of which patients may benefit from its use being poorly

defined. Accordingly, we conducted an international, electronic

cross-sectional sampling of adult interventional cardiologists and

cardiac surgeons to establish their opinions on this matter to aid

interpretation of this review in the context of current opinion from

many specialists and not only those of the authors.
2 Materials and methods

2.1 Systematic review

A systematic review was performed based on the methods

described in the Cochrane Handbook for Systematic Reviews of
02
Interventions (14). The study protocol was registered

prospectively and is available under the International Prospective

Register of Systematic Reviews (PROSPERO) record

CRD42023414604. The study was reported as per the Preferred

Reporting Items for Systematic Reviews and Meta-Analyses

(PRISMA) statement (15).

Electronic searches for the studies were carried out on Embase,

MEDLINE, and Web of Science from database inception to June

2023, using a combination of MeSH terms and key words in

subject fields relating to invasive coronary physiology assessments

and coronary artery bypass graft surgery (the search strategy is

available in the Supplementary Material). We restricted the

search strategy to randomised control trials (RCTs) and

observational studies with a control group. No restrictions based

on language were applied. We checked the reference list of

retrieved studies for eligible trials. To identify relevant ongoing

trials, an additional search was conducted on ClinicalTrials.gov

and International Clinical Trials Registry Platform (ICTRP).

We included RCTs and retrospective or observational

studies conducted on adults (age 18 years old or over)

undergoing elective or emergency isolated coronary artery

bypass grafting, in which FFR or iFR was performed during

the preoperative angiographic study and used to guide

revascularisation. We excluded trials in which a combined

surgical treatment of valvular disease was performed or in

which there was no available control group for patients that

did not receive the intervention.

The primary outcomes of this review were mortality (at longest

available follow-up) and perioperative myocardial infarction. We

also assessed the following secondary outcomes: number of

grafts, stroke (during hospital stay), kidney injury (during

hospital stay), length of stay in the intensive care unit, rate of

repeat unplanned revascularisation (at the longest follow-up

available), and patient-reported quality of life (QoL) (at the

longest follow-up available).

Three reviewers (GL, RA, and CL) identified studies for

inclusion by independently looking at titles and abstracts. The

full text of the selected studies was then retrieved and assessed

for inclusion. Any conflicts were resolved by group discussions.

The references were collected and managed using the web-tool

Rayyan (16). Data were extracted by four independent reviewers

(ST, NA, AC, and RA) onto a purpose-designed data collection

spreadsheet using Microsoft Excel [Microsoft Corporation.

Microsoft Excel (Internet). 2018. Available from: https://office.

microsoft.com/excel].

The extracted data included: year, language and country of

publications, sample size, participant demographics, baseline

comorbidities, nature of interventions (FFR, iFR, and adopted
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cut-off), specifics of the surgical technique adopted (arterial grafts

used, on-pump/off-pump CABG), outcomes. Approximately 10%

of the search was cross validated to control for inter-assessor

variability. The reviewers independently assessed the risk of bias

in all the trials included in accordance with the guidelines

detailed in the Cochrane Handbook for Systematic Reviews, Risk

of bias (RoB Tool v1) as low, high, or uncertain risk. A

sensitivity analysis was planned in trials at low risk of bias in all

domains (17). The Newcastle–Ottawa scale was used for the

assessment of bias in observational studies (18).

For categorical variables, the risk ratio (RR) with 95%

confidence interval (CI) was calculated, while for continuous

variables, we reported the mean difference (MD) with 95% CI.

For any parameter using a different scale, the standardised mean

difference (SMD) with 95% CI was calculated.

When feasible, an intention-to-treat analysis was conducted on

the results. For any categorical data presented as a percentage,

the frequency was estimated using the reported sample size and

study population.

Meta-analyses were performed in accordance with the

recommendations of the Cochrane Handbook for Systematic

Reviews of Intervention using the R software package (R

Foundation for Statistical Computing, Vienna, Austria) (19, 20).

For the primary analysis, the results of a random-effects model

were compared with the fixed-effects model to assess the small

study effects. For continuous outcomes, pooled mean differences

or standardised mean differences were analysed by using the

inverse variance method.

We used the I2 statistic to measure heterogeneity among the

studies in each analysis, although we acknowledge that there is

substantial uncertainty in the value of I2 when there are only a

small number of studies. In case of substantial or considerable

heterogeneity (I2 above 60%), we planned to explore possible

causes by prespecified subgroup analysis (for primary

outcomes only).
2.1.1 Expert opinion survey
Healthcare professionals working within adult cardiac surgery

and cardiology were invited to participate in this cross-sectional

convenience sampling survey through the mailing list of the

British Cardiovascular Society (21), the Society for Cardiothoracic

Surgery in Great Britain and Ireland (22), and the British Junior

Cardiologist’s Association (23) between 1June and 31August 2023.

The survey was closed on 15 September 2023. The survey

(Supplementary Appendix A) was designed to gather a cross-

sectional convenience sampling of opinions to guide discussion

points within this work. The consensus of opinions was

predefined as a view being shared by at least 60% of responders

for a given questionnaire item. Missing data, such as no responses

provided to a question, were handled by exclusion.

Survey questions were tailored to a surgical or physician

background depending upon the responder but focused upon

the same content. All questions were asked in the specific

context of patients being considered for CABG surgery. For

simplicity of presentation, in this paper we describe all
Frontiers in Cardiovascular Medicine 03
responders working in cardiac surgery as “surgeons” and all

those in cardiology as “cardiologists.”
3 Results

3.1 Meta-analysis

A total of 887 abstracts were retrieved from the searches

(Figure 1). After removing duplicate entries, 824 articles were

screened, and 784 articles were excluded on the basis of titles

and abstracts; a total of 40 relevant publications were retrieved

for further assessment. Seven studies (24–30) were included in

the qualitative analysis, while five studies (three RCT and two

observational studies), analysing a total of 2032 participants, met

the inclusion criteria and were included in the quantitative analysis.

A summary of the characteristics of the studies included is

reported in Table 1. There was no disagreement among the

reviewers as to the selection of the studies. All studies were

conducted on a standard-risk population as defined by the study

authors. The functional test adopted was FFR in six studies

(86%) and a combination of iFR and FFR in one study (14%).

The evidence for IFR-based strategies in surgical

revascularisation is insufficient and thus its role could not be

assessed with adequate confidence.

With the exception of Glineur (2019) (routine total arterial

revascularisation) and Fournier (2018) (average of two arterial

conduits with interquartile range between 1 and 2 for all

patients), the specifics related to the adoption of arterial conduits

is sparsely reported. The rate of off-pump operations was

available for three studies (Fournier 2018, FARGO, and

GRAFFITI), and it was 30% in the functional test cohorts and

24% in the angiogram-guided group.

Duration and type of follow-up was heterogeneous between all

studies (see Table 1). The shortest reported follow-up duration was

6 months, with the longest a median duration of 85 months (IQR

66–104 months). Five studies utilised angiographic follow-up

(26, 29–32) although loss to follow-up or patients non-consenting

to repeat angiography were generally high. All studies, except that

of Glineur (26) who used angiography in isolation, undertook

clinical follow-up evaluating symptomology and quality of life.

The forest plots with pooled estimates from random-effects

meta-analyses are reported in Figure 2 (primary outcomes),

Figure 3 (secondary outcomes) and in the Supplementary

Material. In the primary analysis, when compared with

conventional angiography, functional testing to guide CABG had

no clear effect on mortality (four studies; RR 0.76; 95% CI: 0.47–

1.24; I2 = 0%) and on myocardial injury (four studies; RR 0.59;

95% CI: 0.30–1.13; I2 = 0%). There was no clear effect on

secondary outcomes such as postoperative neurological events

(two trials; RR 2.75; 95% CI: 0.43–17.72; I2 = 0%), number of

grafts (two trials; MD, −0.20; 95% CI: −0.59 to 0.20; I2 = 61%),

and need for repeat unplanned revascularisation (four trials; RR

1.05; 95% CI: 0.58–1.90; I2 = 0%). There were no available data

to assess the effect of preoperative functional testing on renal

injury. The investigators from FARGO reported no difference
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FIGURE 1

PRISMA diagram for included studies. From: Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020
statement: an updated guideline for reporting systematic reviews. BMJ 2021;372:n71. doi: 10.1136/bmj.n71.
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among the study groups in terms of quality of life at 6 months after

the surgical operation (data available for 86 patients, EuroQoL 5-

level index score 0.90 ± 0.11 vs. 0.89 ± 0.12 for functional testing

and angiogram, respectively).

The number of studies was insufficient to perform meaningful

secondary analyses or inspection of funnel plots to assess

publication bias.

The quality of the retrieved evidence was poor (Figures 4

and 5). The most critical domain for the RCTs was the blinding

of participants and personnel (FUTURE), and the incomplete

outcome reporting due to loss of patients at follow-up (FARGO,

GRAFFITI). Notwithstanding their intrinsic limitation due to

lack of randomisation, observational studies were rated as of

adequate quality according to the Newcastle–Ottawa scale

(Supplementary Appendix S2).
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3.2 Practice survey

Altogether, 46 responses were received: 30 (65.2%) from those

working within adult cardiac surgery and the remaining working

within adult cardiology. Most responses were received from

consultant (n = 16, 34.8%) or registrar level (n = 15, 32.6%)

surgeons and physicians with the remaining defining themselves

as associate specialists, SAS doctors, advanced care practitioners,

consultant non-physicians, or “other.” Selected results from the

survey are presented in Figure 6.

Within surgical units, 48.4% (n = 15) said that FFR was not

performed regularly within their unit, and 37.5% (n = 6) of

cardiologists said the same. The perceived reasons for not

offering this service locally included high costs, time

constraints, and a lack of adequate training or locally skilled
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FIGURE 2

Forest plots related to the analysis of the primary outcomes.
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physicians. A small number of responders also noted that there

was a perceived paucity of clinical indications resulting in

infrequent use and so it is not offered in their unit. Reported

rates of alternative functional imaging, primarily non-invasive

physiological testing such as CT-FFR, were low; only 14

responders (30.4%) had CT-FFR available to them. In addition,

86.7% (n = 26) of surgeons and 75% (n = 12) of cardiologists

regularly attend an interventional cardiology multidisciplinary

team (MDT), with reasons for non-attendance reported as

personal scheduling conflicts or lack of local MDT and only

regional MDT in large tertiary centres being available.
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There were high reported rates of collaboration reported

between surgeons and physicians. About 80.6% of surgeons

(n = 25) discussed coronary angiograms with the reporting

physician at least several times per year within their practice.

Furthermore, more than half (n = 18, 58.1%) have sought a

second opinion from a different physician other than the one

who conducted the angiogram prior to offering CABG. It was

frequently reported by surgeons that this need for rediscussion

would likely be reduced if physiological assessments were

performed during index coronary angiograms (67.7%, n = 21).

When asked a similar question, most responding cardiologists
frontiersin.org
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FIGURE 3

Forest plots related to the analysis of the secondary outcomes.
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agreed that physiological assessment would reduce the need for

discussion with a surgeon (83.3%, n = 10). Less than half of the

cardiologists responding to the survey (41.7%, n = 5) seek regular

opinions (several times per year or more) from a cardiac surgeon

regarding angiogram appearances. Most responders (51.6% n = 16

surgeons, 50.0% n = 6 cardiologists) believe anatomical and

physiological considerations are equally important when

considering the outcome of angiography, although similar

proportions of surgeons (38.7%, n = 12) and cardiologists (41.7%,

n = 5) believe anatomical considerations were more important
Frontiers in Cardiovascular Medicine 07
than physiological considerations. Further to this, when asked

whether all coronary stenoses of intermediate or moderate

severity or greater are clinically significant, 58.1% (n = 18) of

surgeons and 75% (n = 12) of cardiologists said no. When asking

about the impact of physiological assessments on patient care,

83.4% of surgeons (n = 26) and 93.8% of cardiologists (n = 15)

felt that implementation of functional coronary assessment had

influenced the overall investigation or intervention their patients

had received since implementation in their unit. We then asked

all responders in what way they believe FFR or iFR measurement
frontiersin.org
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FIGURE 4

Individual randomised controlled studies risk of bias plot.

FIGURE 5

Summary for the randomised controlled studies risk of bias plot.
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has influenced their patient’s treatment, compared with traditional

angiography in isolation. There was heterogeneity of responses and

no consensus agreement. Responders noted contrasting

experiences, stating their beliefs that physiological assessments

resulted in both greater and fewer overall investigations, a greater

chance of treatment deferral as well as expediting of the

intervention, and both more and less frequent referral for PCI

and for CABG. Among surgeons, there was no consensus on

how this impacted the intraoperative course with a perceived

reduction and increase of number of bypass grafts performed

following physiological assessments preoperatively. Finally, we
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noted from the responses that there was recognition that in the

right context, functional coronary testing was beneficial to

patients. The limitations of its use are due to time constraints and

availability of the testing. More so than invasive testing, non-

invasive functional imaging, i.e. CT-FFR, was described as still in

its burgeoning stages and not widely available to many heart team

members at present. Moreover, there were high reported rates of

MDT attendance and cross-specialty communication suggesting

that heart team working is generally wide-spread, which is

expected given its recommendation by all major guidelines on the

management of coronary heart disease (33, 34).
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FIGURE 6

Main results from the clinicians’ survey.
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4 Discussion

The role of FFR or iFR in guiding surgical strategy remains

unclear with conflicting evidence existing. Although we

attempted to study the role of both, the evidence for IFR-based

strategies in surgical revascularisation is insufficient and thus its

role was not assessed.

In this meta-analysis, we focused on RCTs and observational

studies only with complete data on patients undergoing CABG

both prior to surgery and at follow-up, to obtain measurable

results, thus significantly restricting the number of studies.

This led to only three trials and four observational studies

being included.

Pooled data from RCTs and registries demonstrated no

difference in mortality rates (p = 0.273) and in myocardial injury

(p = 0.111) between patients who underwent CABG guided by

traditional coronary angiography and those guided by invasive

functional assessment (FFR/iFR), number of grafts (p = 0.328),

and need for repeat unplanned revascularisation (p = 0.874).

In our analysis, there was no increase in neurological events

(p = 0.287) in the physiology-guided CABG group.

In FUTURE (28), the authors tested with a randomised

controlled trial whether an FFR-guided treatment strategy was

superior to a traditional strategy without FFR (performed for

stenoses above 50%) for patients with multivessel coronary

disease. The trial was stopped early due to safety concerns, but

the results showed no significant difference in major adverse

cardiac or cerebrovascular events (MACEs) between the two

groups (hazard ratio: 0.97; 95% CI: 0.69–1.36; p = 0.85). The FFR

group did have a lower rate of revascularisation (p = 0.02).
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In FARGO (29), the authors assessed in a randomised

controlled trial the value of FFR evaluation of coronary artery

stenosis (with a visual narrowing of more than 50%) in CABG.

The authors found that FFR-guided CABG had similar graft

failure rates (16% in the FFR group vs. 12% in the conventional

angiography group; p = 0.97) and clinical outcomes as

angiography-guided CABG. However, FFR was reduced

significantly after 6 months in deferred lesions.

Similarly in GRAFFITI (30), angiography-guided and

fractional flow reserve (performed for intermediate lesions)-

guided CABG were compared. The study found that FFR-guided

CABG does not improve graft patency after 1 year (80% in

the angiography-guided group vs. 81% in the FFR-guided

group, respectively; p = 0.885), but it does result in a simplified

surgical procedure.

Interestingly, observational studies seemed to produce results

that favoured functional tests. In their study, Botman et al. (24)

found that bypass grafts on functionally significant lesions were

more likely to be patent than bypass grafts on functionally non-

significant lesions (8.9% occluded on functionally significant

lesions vs. 21.4% on functionally non-significant lesions, p <

0.001). Fournier et al. (25) presented a 6-year follow-up study

of FFR-guided vs. angiography-guided CABG surgery. The

authors found that FFR-guided CABG surgery was associated

with a lower rate of death or myocardial infarction at 6 years

(hazard ratio 0.59, 95% CI 0.38–0.93; p = 0.020). The article also

noted that FFR-guided CABG surgery was associated with a

lower number of graft anastomoses, a lower rate of on-pump

surgery, and a higher graft patency rate. Outcomes were

reported at a median duration of 85 months and from
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angiographic evaluation, the longest of all included studies.

Summarising their outcome data, the authors report

significantly reduced occlusion rates with FFR-guided compared

with angiography-guided grafts (log rank, 0.027, p = 0.022).

However, only 27.3% (171 of 627) of the evaluated population

underwent repeat angiographic assessment.

Glineur et al. (26) studied the impact of preoperative fractional

flow reserve on arterial bypass graft anastomotic function to

evaluate the use of FFR to guide revascularisation decisions. The

authors investigated whether preoperative FFR measurement of

coronary lesions is associated with improved patency 6 months

after surgical revascularisation using a multiarterial grafting

strategy. They found a significant association between the

preoperative FFR measurement of the target vessel and the

anastomotic functionality at 6 months (FFR AUC 0.92; 95% CI

0.87–0.96 vs. degree of stenosis AUC 0.57, 95% CI 0.48–0.66; p <

0.001). The authors concluded that integration of FFR

measurement into the preoperative diagnostic workup before

multiarterial coronary surgical revascularisation leads to

improved anastomotic graft function. In their work from 2018,

Moscona et al. (27) compared an anatomical with a physiological

assessment of moderate (40%–70%) coronary lesions. They found

that the physiological assessment group had a higher rate of

complete revascularisation (three vessel anastomoses in 85.7% of

the FFR/iFR-guided group vs. 74.7% in the angiography-guided

group, P < 0.05). The authors concluded that physiological

assessment can effectively guide CABG surgery.

Despite the surgeons being blinded to FFR in FARGO,

GRAFFITI, and Botman and Glineur, the number of grafts

performed was similar in functional-guided CABG compared

with the angiography-guided group, with no need for further

unplanned revascularisation. This is in contrast to what would be

expected from physiology-guided revascularisation trials, as seen

in FFR-guided PCI (8). However, patients enrolled in these

studies also presented with chronic total occlusion, accounting

for 10% in the FUTURE trial, with a mean SYNTAX score of 19

(28), and patients not suitable for PCI (24). It is likely that the

complexity of coronary artery disease, with fewer moderate

ambiguous lesions and their anatomical locations might have

driven revascularisation on an angiography-based strategy

mitigating the benefits of functional assessment.

Most trials of functional assessment on coronary lesions are

performed with FFR. However, in clinical practice iFR is quicker

to perform and has the advantage of not needing hyperaemia,

thus avoiding adenosine-related contraindications and unpleasant

effects for patients, and providing a faster assessment in the

setting of multivessel disease. As proved in the DEFINE—FLAIR

and in the SWEDEHEART trials, iFR revascularisation strategy is

not inferior to FFR-guided treatment in patients with stable and

unstable coronary disease (5) and it has been recently proposed

as the index of choice for pressure-based assessment of

intermediate lesions (35).

The main findings from our survey of experts in the specific

context of patients being considered for CABG surgery are as

follows: (a) a perceived low use of physiological assessment both

by cardiac surgeons and cardiologists, (b) in a cohort of
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specialists with high rate of multidisciplinary meeting attendance

and discussion; (c) importance of functional and anatomical

considerations taken together, with a great proportion of

participants considering anatomical features more relevant over

functional assessment; (d) with an overall perceived benefit from

implementing FFR/iFR in patient care.

Multiple survey responders supported the need for thorough

clinical assessment of patients with an emphasis on elucidating

symptoms in maximal detail to best stratify patient risk and to

identify patients with the greatest perceived benefit from

physiological coronary testing. This finding is aligned with the

importance of symptoms assessment in patients with stable

coronary disease as highlighted in the ORBITA trial (36).

RCTs focusing on the effect of functional assessment of

intermediate coronary lesions in patients with stable coronary

disease undergoing CABG are needed to clarify the role of these

tools to improve outcomes including MACEs, choice of conduit,

revascularisation strategy, and long-term graft patency. In

addition, the role of functional assessment in the context of

guiding revascularisation in patients needing concomitant valve

surgery, although not assessed within this study, should be

explored in future given the frequency of this presentation in

clinical practice.
4.1 Limitations

We acknowledge several limitations in this work, which are due

to the available evidence and the nature of our investigation. As this

work is the result of the analysis of published series, small-sample

size, inconsistency in outcome definition, the limited number of

randomised studies, and differences in surgical practices and

materials adopted during the angiographic assessment may limit

the certainty of the evidence. We also acknowledge that while no

studies met the predefined threshold of significant heterogeneity,

methodological diversity exists between the included studies and

that this may contribute low level bias to the findings of our

analysis. Patients with concomitant valve lesions, a common

population encountered in regular practice, were also excluded in

the studies analysed.

Follow-up duration and protocol varied significantly among all

included studies that forwent meta-analysis of long-term outcomes.

A key limitation in quality of the trials was the incomplete

outcomes reporting due to significant loss of patients at follow-

up with only 75% and 64% of data available for the primary

endpoint of graft patency for the FARGO and GRAFFITI trials,

respectively, probably underestimating the effects observed.

However, regarding clinical outcomes at follow-up, this was

100% and 98% for both trials, respectively. The FUTURE trial

was a non-blinded trial that was stopped prematurely owing to

safety concerns regarding increased rate of death in the FFR

group, which may have underpowered a difference in a complex

population (37). The complexity of the populations included in

these studies might have determined increased mortality rates

and myocardial ischaemia per se.
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Another possible confounding factor is that all studies included

patients with recent acute coronary syndrome (ACS). Coronary

revascularisation guided by physiological principles is endorsed

by clinical guidelines but has been confirmed through trials in

patients with mostly stable ischaemic heart disease. The role of

FFR in ACS for PCI is still controversial as reported in the

FLOWER-MI trial and in the FUTURE trial and so the

generalisability of these results upon a population of patients

with stable angina is unclear (38).

Finally, the retrospective registries included in our study

reported a significant higher rate of graft patency in the group

receiving physiology-guided revascularisation compared with the

angiography only group. However, this was not included as an

endpoint of our study, and may be a product of selection bias,

hence deriving from the intrinsic limitations of the study design.
5 Conclusion

In summary, we believe that physiology assessment should be

used as a complementary tool in moderate lesions of uncertain

functional significance. In patients undergoing PCI, this would

mean defer PCI in case of negative FFR and avoid possible

complications related to not necessary PCI. In CABG, data

available are still controversial. However, for the anatomical

complexity of the setting of microvascular disease (MVD) and in

complex patients, probably angiography only still gives the best

results. In patients with stable CAD, with low anatomical

complexity, physiological tools may guide the revascularisation at

multiple stages. Further RCTs with selected populations and

anatomical characterisation of the coronary disease are needed to

elucidate the role of physiological assessment prior to CABG.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Author contributions

RA: Conceptualisation, Data curation, Formal Analysis,

Methodology, Project administration, Writing – original draft,

Writing – review & editing. GL: . ST: Data curation, Writing –

review & editing, Conceptualisation. NA: Conceptualisation,

Writing – review & editing. AC: Conceptualisation, Data
Frontiers in Cardiovascular Medicine 11
curation, Writing – review & editing. CL: Conceptualisation,

Data curation, Writing – review & editing. SB: Conceptualisation,

Data curation, Writing – review & editing. SN:

Conceptualisation, Writing – review & editing.

GM: Conceptualisation, Writing – review & editing. RC:

Conceptualisation, Writing – review & editing. MZ:

Conceptualisation, Data curation, Formal Analysis, Funding

acquisition, Methodology, Project administration, Supervision,

Writing – original draft, Writing – review & editing. AV:

Conceptualisation, Data curation, Formal Analysis, Methodology,

Supervision, Writing – original draft, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article.

This work is supported by funding from the SCTS Ionescu

Final NTN Early Years Fellowship to GL, the British Heart

Foundation, “AA/18/3/34220,” to GL, and the University of

Leicester, “CH/12/1/29419,” to MZ.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fcvm.2024.

1348341/full#supplementary-material
References
1. Faria D, Hennessey B, Shabbir A, Mejía-Rentería H, Wang L, Lee JM, et al.
Functional coronary angiography for the assessment of the epicardial vessels and
the microcirculation. EuroIntervention. (2023) 19(3):203–21. doi: 10.4244/EIJ-D-22-
00969

2. Mizukami T, Sonck J, Gallinoro E, Kodeboina M, Canvedra A, Nagumo S, et al.
Duration of hyperemia with intracoronary administration of papaverine. J Am Heart
Assoc. (2021) 10(3):e018562. doi: 10.1161/JAHA.120.018562
3. Tonino PA, De Bruyne B, Pijls NH, Siebert U, Ikeno F, vant Veer M, et al.
Fractional flow reserve versus angiography for guiding percutaneous
coronary intervention. N Engl J Med. (2009) 360(3):213–24. doi: 10.1056/
NEJMoa0807611

4. Sen S, Escaned J, Malik IS, Mikhail GW, Foale RA, Mila R, et al. Development and
validation of a new adenosine-independent index of stenosis severity from coronary
wave–intensity analysis: results of the ADVISE (ADenosine Vasodilator
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fcvm.2024.1348341/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1348341/full#supplementary-material
https://doi.org/10.4244/EIJ-D-22-00969
https://doi.org/10.4244/EIJ-D-22-00969
https://doi.org/10.1161/JAHA.120.018562
https://doi.org/10.1056/NEJMoa0807611
https://doi.org/10.1056/NEJMoa0807611
https://doi.org/10.3389/fcvm.2024.1348341
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Abbasciano et al. 10.3389/fcvm.2024.1348341
Independent Stenosis Evaluation) study. J Am Coll Cardiol. (2012) 59(15):1392–402.
doi: 10.1016/j.jacc.2011.11.003

5. Götberg M, Christiansen EH, Gudmundsdottir IJ, Sandhall L, Danielewicz M,
Jakobsen L, et al. Instantaneous wave-free ratio versus fractional flow reserve to
guide PCI. N Engl J Med. (2017) 376(19):1813–23. doi: 10.1056/NEJMoa1616540

6. Davies JE, Sen S, Dehbi H-M, Al-Lamee R, Petraco R, Nijjer SS, et al. Use of the
instantaneous wave-free ratio or fractional flow reserve in PCI. N Engl J Med. (2017)
376(19):1824–34. doi: 10.1056/NEJMoa1700445

7. Pijls NHJ, de Bruyne B, Peels K, van der Voort PH, Bonnier HJRM, Bartunek J,
et al. Measurement of fractional flow reserve to assess the functional severity of
coronary-artery stenoses. N Engl J Med. (1996) 334(26):1703–8. doi: 10.1056/
NEJM199606273342604

8. Tonino PAL, De Bruyne B, Pijls NHJ, Siebert U, Ikeno F, van`t Veer M,
et al. Fractional flow reserve versus angiography for guiding percutaneous
coronary intervention. N Engl J Med. (2009) 360(3):213–24. doi: 10.1056/
NEJMoa0807611

9. De Bruyne B, Pijls NHJ, Kalesan B, Barbato E, Tonino PAL, Piroth Z, et al.
Fractional flow reserve–guided PCI versus medical therapy in stable coronary
disease. N Engl J Med. (2012) 367(11):991–1001. doi: 10.1056/NEJMoa1205361

10. Götberg M, Christiansen EH, Gudmundsdottir IJ, Sandhall L, Danielewicz M,
Jakobsen L, et al. Instantaneous wave-free ratio versus fractional flow reserve to
guide PCI. N Engl J Med. (2017) 376(19):1813–23. doi: 10.1056/NEJMoa1616540

11. Neumann F-J, Sousa-Uva M, Ahlsson A, Alfonso F, Banning AP, Benedetto U,
et al. 2018 ESC/EACTS guidelines on myocardial revascularization. Eur Heart J.
(2019) 40(2):87–165. doi: 10.1093/eurheartj/ehy394

12. Spadaccio C, Glineur D, Barbato E, Di Franco A, Oldroyd KG, Biondi-Zoccai G,
et al. Fractional flow reserve–based coronary artery bypass surgery: current evidence
and future directions. JACC Cardiovasc Interv. (2020) 13(9):1086–96. doi: 10.1016/j.
jcin.2019.12.017

13. Jeppsson A. Fractional Flow Reserve-Guided Coronary Artery Bypass Grafting:
Short- and Midterm Outcome in a Large, Nationwide Cohort. EACTS 2022; October
7, 2022; Milan, Italy (2022).

14. Cumpston M, Li T, Page MJ, Chandler J, Welch VA, Higgins JP, et al. Updated
guidance for trusted systematic reviews: a new edition of the Cochrane Handbook for
Systematic Reviews of Interventions. Cochrane Database Syst Rev. (2019) 10(10):
ED000142. doi: 10.1002/14651858.ED000142

15. Parums DV. Review articles, systematic reviews, meta-analysis, and the updated
preferred reporting items for systematic reviews and meta-analyses (PRISMA) 2020
guidelines. Med Sci Monit. (2021) 27:e934475-1. doi: 10.12659/MSM.934475

16. Ouzzani M, Hammady H, Fedorowicz Z, Elmagarmid A. Rayyan—a web and
mobile app for systematic reviews. Syst Rev. (2016) 5:1–10. doi: 10.1186/s13643-
016-0384-4

17. Higgins JP, Altman DG, Gøtzsche PC, Jüni P, Moher D, Oxman AD, et al.
The Cochrane Collaboration’s tool for assessing risk of bias in randomised trials.
BMJ. (2011) 343. doi: 10.1136/bmj.d5928

18. Wells GA, Shea B, O’Connell D, Peterson J, Welch V, Losos M, et al. The
Newcastle‒Ottawa Scale (NOS) for Assessing the Quality of Nonrandomised Studies
in Meta-Analyses (2000).

19. Viechtbauer W. Conducting meta-analyses in R with the metafor package. J Stat
Softw. (2010) 36:1–48. doi: 10.18637/jss.v036.i03

20. McGuinness LA, Higgins JP. Risk-of-bias VISualization (robvis): an R package
and shiny web app for visualizing risk-of-bias assessments. Res Synth Methods.
(2021) 12(1):55–61. doi: 10.1002/jrsm.1411

21. BCS. British Cardiovascular Society. Available online at: https://www.
britishcardiovascularsociety.org/ (updated September 29, 2023).

22. SCTS. Society for Cardiothoracic Surgery in Great Britain and Ireland. Available
online at: https://scts.org (accessed September 29, 2023).
Frontiers in Cardiovascular Medicine 12
23. BJCA. British Junior Cardiologist’s Association. Available online at: https://bjca.
tv (updated September 29, 2023).

24. Botman CJ, Schonberger J, Koolen S, Penn O, Botman H, Dib N, et al. Does
stenosis severity of native vessels influence bypass graft patency? A prospective
fractional flow reserve–guided study. (2007) Ann Thorac Surg. 83(6):2093–7.
doi: 10.1016/j.athoracsur.2007.01.027

25. Fournier S, Toth GG, De Bruyne B, Johnson NP, Ciccarelli G, Xaplanteris P,
et al. Six-year follow-up of fractional flow reserve-guided versus angiography-guided
coronary artery bypass graft surgery. Circ Cardiovasc Interv. (2018) 11(6):e006368.
doi: 10.1161/CIRCINTERVENTIONS.117.006368

26. Glineur D, Grau JB, Etienne P-Y, Benedetto U, Fortier JH, Papadatos S, et al.
Impact of preoperative fractional flow reserve on arterial bypass graft anastomotic
function: the IMPAG trial. Eur Heart J. (2019) 40(29):2421–8. doi: 10.1093/
eurheartj/ehz329

27. Moscona JC, Stencel JD, Milligan G, Salmon C, Maini R, Katigbak P, et al.
Physiologic assessment of moderate coronary lesions: a step towards complete
revascularization in coronary artery bypass grafting. Ann Transl Med. (2018) 6(15).
doi: 10.21037/atm.2018.06.31

28. Rioufol G, Dérimay F, Roubille F, Perret T, Motreff P, Angoulvant D, et al.
Fractional flow reserve to guide treatment of patients with multivessel coronary
artery disease. J Am Coll Cardiol. (2021) 78(19):1875–85. doi: 10.1016/j.jacc.2021.08.06

29. Thuesen AL, Riber LP, Veien KT, Christiansen EH, Jensen SE, Modrau I, et al.
Health-related quality of life and angina in fractional flow reserve-versus angiography-
guided coronary artery bypass grafting: FARGO trial (fractional flow reserve versus
angiography randomization for graft optimization). Circ Cardiovasc Qual Outcomes.
(2021) 14(6):e007302. doi: 10.1161/CIRCOUTCOMES.120.007302

30. Toth GG, De Bruyne B, Kala P, Ribichini FL, Casselman F, Ramos R, et al. Graft
patency after FFR-guided versus angiography-guided coronary artery bypass grafting:
the GRAFFITI trial. EuroIntervention. (2019) 15(11):e999–1005. doi: 10.4244/EIJ-D-
19-00463

31. Botman CJ, Schonberger J, Koolen S, Penn O, Botman H, Dib N, et al. Does
stenosis severity of native vessels influence bypass graft patency? A prospective
fractional flow reserve-guided study. Ann Thorac Surg. (2007) 83(6):2093–7. doi: 10.
1016/j.athoracsur.2007.01.027

32. Fournier S, Toth GG, De Bruyne B, Johnson NP, Ciccarelli G, Xaplanteris P,
et al. Six-year follow-up of fractional flow reserve-guided versus angiography-guided
coronary artery bypass graft surgery. Circ Cardiovasc Interv. (2018) 11(6):e006368.
doi: 10.1161/CIRCINTERVENTIONS.117.006368

33. Lawton Jennifer S, Tamis-Holland Jacqueline E, Bangalore S, Bates Eric R,
Beckie Theresa M, Bischoff James M, et al. 2021 ACC/AHA/SCAI guideline for
coronary artery revascularization. J Am Coll Cardiol. (2022) 79(2):e21–129. doi: 10.
1016/j.jacc.2021.09.006

34. Byrne RA, Fremes S, Capodanno D, Czerny M, Doenst T, Emberson JR, et al.
2022 joint ESC/EACTS review of the 2018 guideline recommendations on the
revascularization of left main coronary artery disease in patients at low surgical risk
and anatomy suitable for PCI or CABG. Eur Heart J. (2023):ehad476. doi: 10.1093/
eurheartj/ehad476

35. Bhatt DL. Assessment of stable coronary lesions. N Engl J Med. (2017) 376
(19):1879–81. doi: 10.1056/NEJMe1702728

36. Al-Lamee R, Thompson D, Dehbi H-M, Sen S, Tang K, Davies J, et al. Percutaneous
coronary intervention in stable angina (ORBITA): a double-blind, randomised controlled
trial. Lancet. (2018) 391(10115):31–40. doi: 10.1016/S0140-6736(17)32714-9

37. Dauerman Harold L, Tijssen Jan GP, Montalescot G. The enduring legacy of
failed revascularization trials∗. J Am Coll Cardiol. (2021) 78(19):1886–9. doi: 10.
1016/j.jacc.2021.08.059

38. Puymirat E, Cayla G, Simon T, Steg PG, Montalescot G, Durand-Zaleski I, et al.
Multivessel PCI guided by FFR or angiography for myocardial infarction. N Engl J
Med. (2021) 385(4):297–308. doi: 10.1056/NEJMoa2104650
frontiersin.org

https://doi.org/10.1016/j.jacc.2011.11.003
https://doi.org/10.1056/NEJMoa1616540
https://doi.org/10.1056/NEJMoa1700445
https://doi.org/10.1056/NEJM199606273342604
https://doi.org/10.1056/NEJM199606273342604
https://doi.org/10.1056/NEJMoa0807611
https://doi.org/10.1056/NEJMoa0807611
https://doi.org/10.1056/NEJMoa1205361
https://doi.org/10.1056/NEJMoa1616540
https://doi.org/10.1093/eurheartj/ehy394
https://doi.org/10.1016/j.jcin.2019.12.017
https://doi.org/10.1016/j.jcin.2019.12.017
https://doi.org/10.1002/14651858.ED000142
https://doi.org/10.12659/MSM.934475
https://doi.org/10.1186/s13643-016-0384-4
https://doi.org/10.1186/s13643-016-0384-4
https://doi.org/10.1136/bmj.d5928
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.1002/jrsm.1411
https://www.britishcardiovascularsociety.org/
https://www.britishcardiovascularsociety.org/
https://scts.org
https://bjca.tv
https://bjca.tv
https://doi.org/10.1016/j.athoracsur.2007.01.027
https://doi.org/10.1161/CIRCINTERVENTIONS.117.006368
https://doi.org/10.1093/eurheartj/ehz329
https://doi.org/10.1093/eurheartj/ehz329
https://doi.org/10.21037/atm.2018.06.31
https://doi.org/10.1016/j.jacc.2021.08.06
https://doi.org/10.1161/CIRCOUTCOMES.120.007302
https://doi.org/10.4244/EIJ-D-19-00463
https://doi.org/10.4244/EIJ-D-19-00463
https://doi.org/10.1016/j.athoracsur.2007.01.027
https://doi.org/10.1016/j.athoracsur.2007.01.027
https://doi.org/10.1161/CIRCINTERVENTIONS.117.006368
https://doi.org/10.1016/j.jacc.2021.09.006
https://doi.org/10.1016/j.jacc.2021.09.006
https://doi.org/10.1093/eurheartj/ehad476
https://doi.org/10.1093/eurheartj/ehad476
https://doi.org/10.1056/NEJMe1702728
https://doi.org/10.1016/S0140-6736(17)32714-9
https://doi.org/10.1016/j.jacc.2021.08.059
https://doi.org/10.1016/j.jacc.2021.08.059
https://doi.org/10.1056/NEJMoa2104650
https://doi.org/10.3389/fcvm.2024.1348341
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Fractional flow reserve and instantaneous wave-free ratio in coronary artery bypass grafting: a meta-analysis and practice review
	Introduction
	Materials and methods
	Systematic review
	Expert opinion survey


	Results
	Meta-analysis
	Practice survey

	Discussion
	Limitations

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


