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Abstract

Aims: The association between fractional flow reserve (FFR) and dobutamine stress echocardiography
(DSE) in real-world stable angina patients is scant and controversial whereas no such comparison exists
with instantaneous wave-free ratio (iFR). The current retrospective study aimed to investigate the associa-
tions among these modalities in patients with stable coronary artery disease (CAD) and intermediate coro-
nary lesions.

Methods and results: We studied 62 consecutive stable angina patients who underwent DSE and sub-
sequently coronary angiography with FFR (in all 62) and iFR (in 46/62 patients) assessment of intermedi-
ate single-vessel lesions between 2014 and 2015. Using receiver operating characteristic (ROC) curves we
sought to identify the optimal FFR and iFR cut-off points with the highest discriminative power to predict
the DSE result. The kappa coefficient was used to assess the agreement between FFR, iFR and DSE. The
mean age of the study cohort was 63.5+12 years and 35 (56.5%) were males. Thirteen (21%) lesions were
adjudicated as causing reversible ischaemia on DSE. Using ROC (FFR predicting DSE result), the area
under the curve was 0.952 (95% CI: 0.902 to 1), whereas for iFR it was 0.743 (95% CI: 0.560 to 0.927),
Pauc comparison—0-03- The optimal FFR cut-off point predicting positive DSE was 0.80. There was strong
agreement between DSE and FFR (kappa 0.682, p<0.001). There was only modest agreement between iFR
and DSE (kappa 0.258, p=0.068) using a cut-off value of 0.9.

Conclusions: In patients referred for evaluation of stable CAD, there was good agreement between DSE
and FFR (87%) but less so with iFR (71.7%).
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Abbreviations

DSE dobutamine stress echocardiography
FFR fractional flow reserve

iFR instantaneous wave-free ratio

Mi myocardial infarction

ROC receiver operating characteristic

Introduction

The safety and feasibility of dobutamine stress echocardiography
(DSE) in patients following myocardial infarction (MI) was first
demonstrated by Berthe et al' in the early 1980s. Pierard et al’
validated this method against positron emission tomography in
17 patients while Picano et al revealed that DSE is safe and can be
conclusive without any complications in 88% of cases’. The prog-
nostic value of DSE was initially shown in a cohort of 778 post-
MI patients* and established in a meta-analysis of 5,946 patients’,
demonstrating a negative predictive value (NPV) for MI and car-
diac death of 98.4% over the 33 months of follow-up.

In the early 1990s Pijls et al® introduced the invasive coro-
nary fractional flow reserve (FFR), adding a functional assess-
ment to the anatomy-dominated world of coronary intervention.
In a seminal paper’, FFR was compared to a combination of sev-
eral functional tests, among them DSE, and demonstrated satis-
factory diagnostic accuracy in predicting a positive functional test
using a cut-off of 0.75. The prognostic significance of FFR has
been demonstrated in large randomised trials®!° using cut-offs of
between 0.75 and 0.8 when defining a positive result. In 2012,
the instantaneous wave-free ratio (iFR) non-hyperaemic index was
introduced!'. It was claimed to be able to predict a positive FFR
result accurately (r=0.9, p<0.001) with a receiver operating char-
acteristic (ROC) area under the curve (AUC) of 0.93, at FFR <0.8.

In a recent paper by Wu et al'?, 67 vessels with 50% to 80%
diameter stenosis by quantitative coronary angiography (QCA) in
58 consecutive patients were examined with FFR and real-time
myocardial contrast echocardiography (RTMCE). Even though
17/18 stenoses that were FFR positive had abnormal capillary
blood flow (CBF) during RTMCE, 28/49 stenoses (57%) that
were FFR negative also had abnormal CBF in the corresponding
coronary artery territory during stress echocardiography. To our
knowledge, to date no studies have compared both FFR and iFR
to contrast-enhanced DSE.

In this study we aimed to identify the agreement between FFR,
iFR and contrast-enhanced DSE using second-generation contrast
agents in real-world stable angina patients with single intermedi-
ate coronary artery lesions. Furthermore, we aimed to identify the
optimal FFR and iFR cut-off values that predict the presence of
reversible ischaemia during DSE in such patients.

Methods

Two hundred and seventy-eight patients with stable angina under-
went DSE and subsequently coronary angiography at Imperial
NHS Trust Hospitals (Hammersmith, St. Mary’s and Charing
Cross) between 2014 and 2015. Patients with negative DSE

underwent coronary angiography if their symptoms were typi-
cal. Eighty-three of them had lesions of intermediate severity
and underwent invasive FFR. Interoperator variability for con-
trast DSE was excellent with a kappa of 0.92. Patients with incon-
clusive DSE imaging, previous CABG, multivessel disease, full
thickness infarct of the culprit artery, sequential lesions, diffuse
disease or significant valvular disease were excluded. In particu-
lar, after excluding five patients who had inconclusive DSE, 10
who had previous CABG, multivessel disease, tandem lesions in
a single vessel or distal diffuse disease and six who had significant
valvular disease, the final patient cohort consisted of 62 patients.
In 16 of these patients iFR measurements were not performed due
to operator preference. These patients had single-vessel, single
lesion disease with no prior MI related to the target vessel. The
hospital ethics committee approved this retrospective study and

all participants signed informed consent for relevant procedures.

DOBUTAMINE STRESS ECHO

All patients underwent contrast DSE following the protocol
suggested by the European Association of Echocardiography
recommendations. Details are described in the Supplementary
Appendix 1.

PRESSURE WIRE STUDIES

Coronary angiography and pressure-flow assessments of coronary
stenoses were performed using conventional approaches within
three months from DSE'". No changes in ischaemic symptoms or
medical therapy occurred in any of the patients included in the
study. Details of the procedures are described in the Supplementary
Appendix 2.

QUANTITATIVE CORONARY ANGIOGRAPHY

QCA parameters (diameter stenosis [DS] %, minimal lumen dia-
meter [MLD] mm, minimal lumen area [MLA] mm?, area stenosis
[AS] %, reference vessel diameter [RVD] mm, and reference ves-
sel area [RVA] mm?) were calculated using dedicated workstations
(CAAS II; Pie Medical, Maastricht, the Netherlands).

STATISTICAL ANALYSIS

Results are presented as means+SD, medians (interquartile range)
or percentages. In order to identify the optimal cut-off point for
maximum diagnostic accuracy between FFR and DSE, ROC
curves and the Youden’s J statistic were used. We used sensitivity,
specificity, positive and negative predictive values and the kappa
coefficient to assess the agreement between FFR, iFR and DSE.
Differences between areas under the curve (AUC) were compared
using the Hanley and McNeil test'*.

Results

A total of 62 patients with single intermediate angiographic lesions
(50-80% visually estimated maximum lumen narrowing) were
assessed over the two-year period. Mean age was 63.5£12 years
and 35 (56.5%) were males. Baseline demographics of the study
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population are presented in Table 1 and Table 2. The LAD was
assessed in 53 cases (85.5%), the LCx in two (3.2%) and the RCA
in seven (11.3%). The mean DS was 48.54+8.3% whereas the MLD
was 1.44+0.32 mm (Table 1).

Of the 46 patients who also underwent iFR, 40 (87%) had their
LAD assessed, two (4.3%) their LCx and four (8.7%) the RCA.
iFR evaluation always preceded FFR.

DOBUTAMINE STRESS ECHO AS THE GOLD STANDARD

Thirteen (21%) of these lesions were adjudicated as causing revers-
ible ischaemia during DSE. The AUC for FFR predicting a DSE
result was 0.952 (95% CI: 0.902 to 1.00), p<0.001 (Figure 1A).
The optimal FFR cut-off point (>) to predict a negative DSE result
was 0.8. Using this cut-off, 21 (33.9%) of these lesions were ren-
dered “flow-limiting” (Figure 1B). There was a strong agreement

Table 1. Demographics of the cohort.

General demographics ‘ N=62
Age 63.5+12
Male gender, n (%) 35 (56.5)
Ethnicity, n (%) White 32 (51.6)
South Asian 14 (22.6)
Afro-Caribbean black 2(3.2)
Other 14 (22.6)
Diabetes, n (%) 20 (32.3)
Hypercholesterolaemia, n (%) 40 (64.5)
Smoking status Never smoked 38 (61.3)
Ex-smoker 10 (16.1)
Current smoker 14 (22.6)
Obesity, n (%) 6(9.7)
Hypertension, n (%) 40 (64.5)
Family history of IHD, n (%) 17 (27.4)
Previous MI, n (%) 26 (41.9)
End-stage renal failure, n (%) 4 (6.5)
Left ventricular systolic | Normal 47 (75.8)
MIREHER Mild impairment 9 (14.5)
Moderate impairment 4 (6.5)
Severe impairment 2(3.2)
Quantitative coronary angiography N=62
Vessel pressure wire LAD 53 (85.5)
performed, n (%) LCx 2(3.2)
RCA 7(11.3)
Diameter stenosis (%) 48.5+8.3
Area stenosis (%) 72.8+8.4
Minimum lumen diameter (mm) 1.44+0.32
Minimum lumen area (mm?) 1.7+£0.76
Reference vessel diameter (mm) 2.78+0.41
Reference vessel area (mm?) 6.21+1.87
IHD: ischaemic heart disease; MI: myocardial infarction

Table 2. FFR, iFR and DSE results in the study population.

Any vessel (N=62)

FFR 0.83+0.07
iFR 0.91+0.05
FFR positive, n (%) 21 (33.9)
iFR positive, n (%)* 14 (30.4)
DSE positive, n (%) 13 (21)

LAD (N=53)

FFR positive, n (%) 20 (37.7)
iFR positive, n (%)** 14 (35)
DSE positive, n (%) 12 (22.6)
FFR positive, n (%) 12 (22.6)
iFR positive, n (%)*** 0 (0)
DSE positive, n (%) 1(11.1)

*IFR measured in a total of 46 patients. **iFR measured in 40 LAD
lesions. ***iFR measured in a total of 6 LCx/RCA lesions.

DSE: dobutamine stress echo; FFR: fractional flow reserve;

iFR: instantaneous wave-free ratio

between the two modalities (kappa 0.682, p<0.001). Using DSE as
the gold standard, FFR (with a cut-off point of 0.8) had a sensi-
tivity of 100% and a specificity of 83.7%. The positive predictive
value was 61.9%, whereas the negative predictive value was 100%.
Diagnostic agreement was achieved in 87% of patients (54/62).

In the 46 patients who had both FFR and iFR measurements,
the AUC for iFR predicting a positive DSE result was 0.743
(95% CI: 0.560 to 0.927), p=0.025 (Figure 2A). The optimal iFR
cut-off to predict a DSE result was 0.90. Using this cut-off value,
14 (30.4%) lesions were rendered haemodynamically significant
(Figure 2B). There was a modest agreement between iFR and DSE
(kappa 0.258, p=0.068). Using DSE as the gold standard, iFR
(with a cut-off value of 0.9) had a sensitivity of 55.6%, a specific-
ity of 75.7%, a positive predictive value of 35.7% and a negative
predictive value of 87.5%. Diagnostic agreement would have been
achieved in 33/46 (71.7%).

Amongst the 46 patients who underwent both FFR and iFR meas-
urements, the AUC, for pressure wire measurements using DSE as
the gold standard, was significantly higher for FFR (0.935, 95% CI:
0.864 to 1.00) compared to iFR (0.743, 95% CI: 0.560 to 0.927);
AUC difference 0.192 (SE difference 0.09, p=0.03) (Figure 3).

A summary of sensitivity, specificity, NPV, PPV using DSE,
FFR and iFR as gold standards is shown in Table 3.

Discussion

In this study we demonstrated a good correlation between con-
trast-enhanced DSE using second-generation contrast agents and
invasive FFR measurements but a worse correlation with iFR in
predicting reversible myocardial ischaemia in consecutive stable
angina patients with intermediate coronary artery lesions. Using
ROC curves, we identified that the optimal FFR cut-off value to
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Figure 1. Agreement between FFR and DSE. A) ROC curve demonstrating good correlation of FFR with DSE. B) Scatter plot demonstrating
the agreement between FFR using the 0.8 cut-off and DSE across the range of anatomic lesions.
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Figure 2. Agreement between iFR and DSE. A) ROC curve demonstrating the modest correlation of iFR with DSE. B) Scatter plot
demonstrating the agreement between iFR using the 0.90 cut-off and DSE across the range of anatomic lesions.

predict the DSE result was 0.8, which coincides with the currently
used cut-off in clinical practice.

In a seminal paper by Pijls et al’, FFR was compared to exercise
testing, thallium scintigraphy, DSE and quantitative arteriography
in 45 consecutive patients with moderate coronary stenosis and
chest pain, prospectively testing the earlier cut-off value of 0.75'5
to a true gold standard based upon the combination of the three
non-invasive tests, all performed within 24 hours from the FFR
measurement. Using a multi-testing sequential Bayesian approach,

the sensitivity of FFR in the identification of reversible ischae-
mia was 88%, the specificity 100%, the positive predictive value
100%, and the negative predictive value 88%. In another early
study of 75 stable angina patients'®, the degree of dobutamine-
induced dyssynergy correlated well with FFR using a cut-off of
0.75 (r=0.77). Despite the excellent PPV of 98%, a very low NPV
(61%) was observed using this cut-off. Based on this cut-off, the
DEFER study® did not show any significant difference in patient
outcomes with FFR >0.75 who underwent percutaneous coronary
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Figure 3. ROC curves for FFR and iFR using DSE as the gold
standard.

Table 3. Sensitivity, specificity, negative predictive value (NPV),
positive predictive value (PPV) using DSE, FFR or iFR as gold
standard in the group of 46 patients who underwent all three
modalities.

DSE as gold standard
Sensitivity | Specificity | NPV | PPV | Accuracy
iFR 55.6 75.7 87.5 | 35.7 71.7
FFR 100 83.8 100 60 87
FFR as gold standard
Sensitivity | Specificity | NPV PPV Accuracy
DSE 60 100 83.8 100 87
iFR 73.3 90.3 87.5 78.6 84.8
iFR as gold standard
Sensitivity | Specificity | NPV | PPV | Accuracy
FFR 78.6 87.5 90.3 73.3 84.8
DSE 35.7 87.5 75.7 55.6 71.7

iFR cut-off of 0.9 and FFR cut-off of 0.8 used. DSE: dobutamine
stress echo; FFR: fractional flow reserve; iFR: instantaneous
wave-free ratio

intervention compared to those treated medically. If a value of
0.80 had been used in the study by Piljs’, the sensitivity would
have been 100% and the specificity 92%, figures pretty similar
to the ones reported in our study. In order to avoid not treating
an ischaemic lesion rather than treating a non-ischaemic lesion,
in the FAME® and FAME 2" trials a cut-off value of 0.80 was
used, demonstrating the prognostic benefits of FFR-guided revas-
cularisation. In a more recent retrospective study, in an attempt
to justify the use of the 0.8 cut-off in clinical practice, Adjedj et

al'® investigated the outcomes of patients with single lesions in
the so-called “grey zone” of FFR 0.76 to 0.80 who were either
revascularised or treated with medical therapy alone. Of interest,
even though there was no significant difference in overall major
adverse cardiac events (MACE), there was a trend for higher mor-
tality (p=0.059) and the combined outcome of Ml/death (p=0.06)
in the medical therapy group.

In the current study without presumptions, we have shown
that the optimal FFR cut-off value to predict reversible myocar-
dial ischaemia during DSE was 0.8. Using this cut-off, the nega-
tive predictive value was 100%, rendering it safe practice to treat
patients with FFR values above 0.8 conservatively. In an early
study by de Bruyne et al'®, a close correlation was found between
relative flow reserve obtained by positron emission tomography
(PET) and myocardial FFR (r=0.87), once again proving the valid-
ity of FFR against robust non-invasive modalities. In a recent
meta-analysis by Danad et al®, the sensitivity of DSE in predict-
ing FFR was 75% (compared to 61.9% in the current study) and
the specificity only 75% (compared to 100%). The discrepancies
in the sensitivity and specificity figures can be attributed to dif-
ferences in the population studied and the fact that we used con-
trast DSE rather than plain DSE. In the study by Jung et al?!, there
was a significant improvement in sensitivity (for predicting FFR)
from 48 to 83% when using contrast compared to plain imag-
ing. In a small study of just 21 patients, Jimenez-Navarro et al*
demonstrated only a moderate correlation of FFR with DSE with
a kappa value of 0.51. The improvements of spatial resolution and
image quality in modern cardiac ultrasound systems along with
standardisation of the DSE examination® and the routine use of
second-generation contrast agents may explain the better diagnos-
tic accuracy observed in our study. In the COMPRESS trial*, con-
trast echo DSE and single photon emission computed tomography
(SPECT) were compared to FFR in 48 patients, 41 of whom had
multivessel disease. The sensitivity of DSE in this patient sub-
strate was similar to that in our study at 67% (61.9% in our study),
whereas specificity was much lower at 77% (100%). The reduced
specificity is partially explained by the different study population
and design. Recently, Wu et al'?, putting a new spin on non-inva-
sive test vs. pressure wire comparisons, showed that almost half
of patients with negative pressure wire studies might suffer from
microvascular disease, as evidenced by reductions in CBF. This
suggests that the presence of severe microvascular disease can be
missed by FFR, hence a separate methodology to assess the micro-
vasculature is mandatory.

Recently, iFR has been validated against FFR*?* with ROC
curves against FFR ranging from 0.81%¢ to 0.9”, but no compari-
son with DSE exists as yet. A comparison of iFR and PET perfu-
sion imaging revealed a ROC of 0.86 for iFR, which was similar
to the one for FFR at 0.85 (p=0.71). In our study, the ROC curve
between iFR and FFR was also within the aforementioned range
at 0.853%. Most operators in our institution would not perform
FFR routinely in lesions with iFR or Pd/Pa over 0.95 or lower
than 0.8, hence lesions with much higher agreement between
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iFR and FFR have been excluded. This selection bias seen in our
study is a reflection of the real-world experience and hence much
more informative compared to studies which include cases at the
extreme ranges of iFR and FFR. Recently, two large non-inferior-
ity randomised trials compared the prognostic value of iFR ver-
sus FFR3®3! establishing that coronary revascularisation guided
by iFR is non-inferior to revascularisation guided by FFR with
respect to risk of MACE at one year. Interestingly, despite simi-
lar one-year MACE, in both studies there were significantly more
haemodynamically significant lesions in the FFR group®**!, lead-
ing to more revascularisation procedures®. These two large iFR
studies suggest that, by using the 0.8 FFR cut-off, physicians may
be overtreating patients who could potentially do just as well with
medical therapy. The modest agreement between iFR and DSE
shown in the present study highlights the difficulties in achieving
an optimal revascularisation cut-off consensus amongst different
modalities and the need for larger outcome trials that incorporate
non-invasive and pressure wire studies in their design.

Limitations

Limitations of the current study include its retrospective nature
and the presence of a small time lag, albeit <3 months, between
pressure wire studies and DSE. In the majority of cases the LAD
was assessed, hence results should be viewed with caution when
assessing non-LAD arteries. Another factor that should be taken
into account is the potential for selection bias, as only patients
with truly intermediate stenosis would have gone on to invasive
pressure wire assessments. Nevertheless, it is the largest study yet
comparing FFR with contrast-enhanced DSE using contemporary
new-generation echocardiographic platforms with the routine use
of second-generation contrast agents and pressure wire devices,
and the first to use ROC curves to identify optimal FFR and iFR
cut-offs to predict a DSE result. Furthermore, this is the first
study to compare iFR with DSE directly. Future, multicentre stud-
ies are required to confirm our findings in large patient cohorts.

Conclusions

The current study shows that contrast-enhanced, state-of-the-art
DSE correlates strongly with FFR but less so with iFR in real-
world patients with single moderate coronary artery lesions. This
highlights that contrast DSE can be used as a good gatekeeper,
keeping patients with atypical symptoms and negative DSE stud-
ies away from invasive procedures. However, when positive, FFR
is more likely to be in line with the DSE results compared to iFR.

Impact on daily practice

In real-world patients, contrast-enhanced, state-of-the-art DSE
is a good gatekeeper for invasive procedures. When DSE is pos-
itive, FFR is more likely to agree with DSE compared to iFR.
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Supplementary data

Supplementary Appendix 1. Dobutamine stress echo protocol

Beta-blockers as well as calcium channel blockers had been discontinued 48 hours
prior to the test. A peripheral venous line was inserted and a baseline 12-lead ECG
was obtained. A complete baseline transthoracic echocardiographic study was
performed initially, followed by the DSE always with the use of a second-generation
contrast agent (SonoVue®; Bracco Imaging SpA, Milan, Italy) to achieve the best
possible image quality and diagnostic accuracy. Contrast was delivered by slow bolus
injection (about 1 ml/30 seconds). Echocardiography was performed by experienced
and accredited sonographers, who followed a standardised echocardiographic
protocol, using commercially available ultrasound equipment (iE33; Philips
Healthcare, Amsterdam, the Netherlands). During stress echocardiography,
continuous intravenous infusion of dobutamine in three-minute increments started
with 5 pg/kg/min and increased to 10, 20, 30 and 40 pg/kg/min. If the target heart rate
was not achieved (85% of maximum age-predicted heart rate), handgrip was applied
and/or atropine (0.25 mg up to a maximum of 2 mg) was given in the absence of the
relative contraindications. The electrocardiogram was monitored continuously and
blood pressure was measured and recorded in the last minute of each stage. Images
were obtained using four views (apical four- and two-chamber views and parasternal
long-axis and short-axis at papillary muscle level) and were continuously monitored
and stored in quad screen format in all four stages: low dose — at the dose of 10
ug/kg/min, high dose — at 70% of the max HR predicted, and peak dose — at 85% of
the max HR predicted just prior to discontinuing the test. Images during recovery
were constantly monitored until total resolution of any abnormal regional wall

motions that had been incurred. The endpoints for dobutamine infusion were:



achievement of 85% of the max predicted HR, development of left ventricular
asynergy, severe chest pain, electrocardiographic changes suggestive of myocardial
ischaemia or serious arrhythmias, blood pressure >220/110 mmHg, intolerable side
effects (e.g., nausea, drop of blood pressure >20 mmHg from the baseline value), and
patient’s desire. DSE studies were stored electronically in four quad data set format
using the ProSolv Cardiovascular, Inc. (Fujifilm Medical Systems, Indianapolis, IN,

USA) and Medcon, Inc. electronic archiving software.

Data analysis was performed off-line at the Hammersmith Hospital core laboratory
after collection of all DSE data, by one expert assessor (P. Nihoyannopoulos) blinded
to any clinical/angiographic results, using the 16-segment LV model. DSE was
considered positive if new or worsening wall motion abnormalities had occurred in

segmental contractility.



Supplementary Appendix 2. Pressure wire studies

Intracoronary nitrates (200-300 mg) were administered in all cases. At the time of
catheterisation, a 6 Fr coronary catheter was introduced into the right radial artery and
advanced into the ostium of the coronary artery. A 0.36 mm (0.014 inch) pressure-
monitoring guidewire (Verrata® wire; Volcano Corporation, San Diego, CA, USA)
was used and the distal pressure sensor was equalised with the aortic guiding pressure
at the coronary ostium before crossing the lesion. Measurements were made as distal
to the stenosis as technically possible, maintaining the wire in the main epicardial
vessel. Same sitting iIFR measurements were performed in 46 (74%) patients prior to
inducing steady-state hyperaemia (based on operator preference). iFR was calculated
as the mean pressure distal to the stenosis during the diastolic wave-free period (Pd
wave-free period) divided by the mean aortic pressure during the diastolic wave-free
period (Pa wave-free period) as previously described [11] using a built-in wave-free
algorithm (developed at Imperial College, London and licensed to Volcano Corp., San
Diego, CA, USA). Adenosine was administered by intravenous infusion (140
ug/kg/min). When steady-state hyperaemia was achieved, FFR was calculated as the
ratio of the mean distal intracoronary pressure measured by the wire to the mean
arterial pressure measured by the coronary catheter, as described previously [14]. At
the end of each recording, the pressure sensor was returned to the catheter tip to
ensure that there was no pressure drift. If drift was identified the measurements were

repeated.



