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Aim The aim of this study was to assess the prognostic value of ABCDE-SE in a prospective, large scale, multicentre, inter-
national, effectiveness study. Stress echocardiography (SE) was recently upgraded to the ABCDE protocol: step A, region-
al wall motion abnormalities; step B, B lines; step C, left ventricular contractile reserve; step D, Doppler-based coronary
flow velocity reserve in left anterior descending coronary artery; and step E, electrocardiogram-based heart rate reserve.

Methods and From July 2016 to November 2020, we enrolled 3574 all-comers (age 65+ 11 years, 2070 males, 58%; ejection fraction

results 60+ 10%) with known or suspected chronic coronary syndromes referred from 13 certified laboratories. All patients
underwent clinically indicated ABCDE-SE. The employed stress modality was exercise (n=952, with semi-supine bike,
n= 887, or treadmill, n=65 with adenosine for step D) or pharmacological stress (n= 2622, with vasodilator, n=2151; or
dobutamine, n=471). SE response ranged from score O (all steps normal) to score 5 (all steps abnormal). All-cause death
was the only endpoint. Rate of abnormal results was 16% for A, 30% for B, 36% for C, 28% for D, and 37% for E steps.
During a median follow-up of 21 months (interquartile range: 13-36), 73 deaths occurred. Global X* was 49.5 considering
clinical variables, 50.7 after step A only (P=NS (not significant)) and 80.6 after B—E steps (P<0.001 vs. step A). Annual
mortality rate ranged from 0.4% person-year for score O up to 2.7% person-year for score 5.
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Graphical Abstract
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the 5 steps (A B C D and E) of stress echo reading
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This study recruited 3,574 patients from 13 stress echo laboratories of 5 countries and shows the prognostic value of the new state-of-the art cardiac func-
tional testing with stress echo ABCDE protocol: Step A for regional wall motion abnormalities; step B for B-lines obtained with 4-site simplified scan and
lung ultrasound; step C for contractile reserve with volumetric echocardiography; step D for Doppler-based assessment of coronary flow reserve in mid-
distal left anterior descending coronary artery; step E for EKG-based heart rate reserve.

Echocardiography e Outcome e Stress e Vulnerability

Keywords

Introduction

Stress echocardiography (SE) is an established diagnostic technique
based on the detection of inducible myocardial ischaemia as regional
wall motion abnormality (RWMA). This approach has a recognized
clinical value but it seems unfit to describe the emerging complexity
and heterogeneity of the individual patient vulnerability. Therefore,
SE was recently upgraded to the ABCDE protocol:' step A for
RWMA, which is the only sign established in guidelines and recom-
mendations;>> step B for B lines by lung ultrasound;*® step C for left
ventricular contractile reserve (LVCR);®” step D for Doppler-based
coronary flow velocity reserve (CFVR) in the left anterior descending
coronary artery (LAD);? and step E for imaging-independent heart
rate reserve (HRR) based on the electrocardiogram (ECG).”"" This
approach applies to all types of physical or pharmacological stress
modalities and allows a more integrated assessment of patient vulner-
ability above and beyond the detection of anatomic coronary artery
disease (CAD). ABCDE-SE allows assessment of inducible myocar-
dial ischaemia (step A), pulmonary congestion (step B), contractile
reserve (step C), coronary microvascular dysfunction (step D), and
cardiac sympathetic reserve (step E). The ABCDE-SE protocol is

more likely to capture many potential sources of vulnerability of the
patient with CAD'>" than a simpler approach based only on
RWMA.

The study hypothesis was that each pathophysiological variable
may contribute independently and incrementally to the prognostic
vulnerability in the individual patient and, therefore, the outcome
would progressively worsen with the increasing number of abnormal
steps during cardiac functional stress. To test this hypothesis,
ABCDE-SE was performed in patients with chronic coronary syn-
dromes, referred for clinically driven SE in accredited laboratories'
in the network of the international, multicentre, prospective SE 2020
study'® (Graphical abstract).

Methods

Study population

In this prospective study, we initially screened 4213 patients recruited
from July 2016 to November 2020 by 13 certified laboratories of 5 coun-
tries (Bulgaria, Italy, Poland, Russian Federation, Serbia). Of these initial
4213, 639 did not complete the full protocol with missing information on
step B (n=281), step C (n=18), or step D (n=286). The main reasons
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were that the step was performed prior to specific training and certifica-
tion for steps B and C, or the test was attempted but data were not
obtained because of technical failure in step D. An additional 54 patients
were lost to follow-up. The final study population included 3574 patients
all studied with the full ABCDE protocol with outcome information.

The inclusion criteria were: (i) age >18years; (ii) referral for known or
suspected CAD; (iii) no severe primary valvular or congenital heart dis-
ease, or presence of prognosis-limiting comorbidities, such as advanced
cancer, reducing life expectancy to <1 year; (iv) echocardiography of ac-
ceptable quality at rest and during stress; (v) willingness to give their writ-
ten informed consent allowing scientific utilization of observational data,
respectful of privacy rights; and (vi) recruitment in centres with systemat-
ic follow-up program.

All patients underwent SE testing as part of a clinically driven evalu-
ation and according to the referring physician’s indications. Indications
were in recommendation Class | or lla according to the European Society
of Cardiology* and/or American Society of Echocardiography,® falling
into one of the three broad categories: initial test to diagnose obstructive
CAD in patients with preserved ejection fraction, especially in patients
with intermediate pre-test probability of disease (n= 1400, 39%); incon-
clusive exercise ECG or unable to exercise (n =452, 13%); and prognosis
assessment or re-assessment in stable CAD, with or without global left
ventricular dysfunction (n= 1722, 48%).

Written informed consent was obtained from all patients before test-
ing. The study protocol was reviewed and approved by the institutional
ethics committees as a part of the SE 2020 study (148—Comitato Etico
Lazio-1, 16 July 2016; ClinicalTrials.gov Identifier NCT03049995). The
study was funded partly by the Italian National Research Council (Ageing
project) and with travel grants of the Italian Society of Echocardiography
and Cardiovascular Imaging with dedicated sessions during national meet-
ings. No support from industry was received.

Stress echocardiography

We used commercially available ultrasound machines. All patients under-
went comprehensive transthoracic echocardiography at rest'® and
underwent physical or pharmacological SE according to the protocol rec-
ommended by the European Association of Echocardiography'” and
American Society of Echocardiography.'® The exercise protocol was
semi-supine bike or post-treadmill. We used dipyridamole dose up to
0.86 mg/kg (over 4 or 6 min), dobutamine starting from 5 up to 40 pg/kg/
min with atropine co-administration up to 1mg, and adenosine up to
0.14 ng/kg/min over 6 min. In one centre (Belgrade), ABCE steps were
acquired with treadmill exercise, and step D with adenosine (0.14 pg/kg/
min in 2 min) in the same patients on the same day, 1 h after the treadmill
test.

Criteria for terminating the test were severe chest pain, diagnostic ST-
segment shift, excessive blood pressure increase (systolic blood pressure
>240 mmHg, diastolic blood pressure >120 mmHg), limiting dyspnoea,
maximal predicted heart rate, and significant arrhythmias.
Echocardiographic imaging was performed from parasternal long- and
short-axis views, and apical four- and two-chamber views, using conven-
tional two-dimensional echocardiography. Contrast use was recom-
mended in cases of suboptimal acoustic window, when >2 segments
were not optimally visualized for 50% or more of endocardial length, and
its use ranged from 0% to 40% in recruiting centres, depending on local
lab policy and reimbursement issues. Anti-anginal drugs were usually not
suspended before testing.

Step A included assessment of wall motion abnormalities and was per-
formed in all patients. Wall motion score index (WMSI) was calculated in
each patient at baseline and peak stress, in a 4-point score ranging from 1
(normal) to 4 (dyskinetic) in a 17-segment model of the left ventricle.

Step B of protocol included the assessment of B lines with lung ultra-
sound and the four-site simplified scan, from mid-axillary to mid-
clavicular lines on the third intercostal space, each site scored from 0
(normal horizontal A lines) to 10 (white lung with coalescent B lines).”

Step C of protocol included the force-based assessment of LVCR as
the stress/rest ratio of force, calculated as systolic blood pressure/end-
systolic volume.”

Coronary flow velocity reserve (step D) was assessed during the
standard SE examination using intermittent imaging of wall motion and
LAD.2 Coronary flow in the mid-distal portion of the LAD was imaged
from the low parasternal long-axis view and/or modified apical two-,
three-, or four-chamber view under the guidance of colour Doppler flow
mapping. All studies were digitally stored to simplify offline reviewing and
measurements. At each time point, three optimal profiles of peak diastol-
ic Doppler flow velocities were measured, and the results were averaged.

Heart rate reserve (step E) was calculated as the peak/rest heart rate
from 12-lead ECG."

All steps were performed by the same sonographer/cardiologist with
the same transducer for cardiac, lung, and coronary scan—although occa-
sionally a different high-frequency transducer was used for coronary flow.
All steps were acquired at rest and peak stress. If needed, steps were
repeated after 5 min in the recovery phase (Figure 1).

A detailed visual description of the scanning procedure is also available
in a 9-min movie from the consortium (YouTube. ABCDE Stress Echo
2030: How | Make It. More easily done than said. Available at: https://
www.youtube.com/watch?v=04-5FjSF7ao, accessed 26 May 2021).

Stress echocardiography positivity criteria
All positivity criteria were determined a priori.

The A criterion was considered positive in the presence of stress-
induced RWMA (WMSI stress > rest), when at least two adjacent seg-
ments of the same vascular territory of the left ventricle showed an incre-
ment of at least one point of segmental score during SE.

The B criterion was considered positive in the presence of stress or
rest B lines >2 units.”

The C criterion was considered positive in the presence of force-
based LVCR <2.0 for exercise or dobutamine and <1.1 for vasodilators.”

The D criterion was considered positive in the presence of CFVR
<208

The E criterion was considered positive in the presence of HRR <1.80
for exercise or dobutamine or <1.22 for dipyridamole or adenosine.”""

As required by SE 2020 protocol, all readers had passed the quality
control for each of the four imaging parameters upstream to starting pa-
tient recruitment."®

Stress echocardiography response was summarized with a score rang-
ing from 0 to 5 as follows: score 0 (all ABCDE markers within normal lim-
its) or scores 1-5, according to the number of abnormal steps (e.g. score
5 indicated that all 5 steps were abnormal).

Data storage and analysis

The results for each test were entered in the data bank at the time of
testing by each recruiting centre and sent monthly to the core lab with
the electronic case report form with clinical data. After checking for in-
ternal consistency by trained technical staff, and double-checking with the
centre for data verification on possibly inconsistent input, the data were
added to the data bank and locked.

Coronary angiography
Invasive coronary angiography (n=1421) or non-invasive multidetector
coronary angiography (n=20) showing no CAD was available in 1441
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ABCDE SE General Protocol
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Figure | The ABCDE protocol. The completion of the test from preparation phase to written response takes ~30 min. Recovery phase is optional,
and advised in the presence of test positivity. Step A and step C require the very same images. Step E requires only one electrocardiogram lead. Step
B can be completed in the early (<30's) recovery phase. SBP, systolic blood pressure; SE, stress echocardiography.

patients. Coronary angiography was indicated by the referring physician
based on symptoms, individual clinical characteristics, and non-invasive
imaging results. Obstructive significant CAD was defined by a quantita-
tively assessed coronary diameter reduction >50% in the view showing
the most severe stenosis. Images were read by experienced invasive car-
diologists unaware of the SE results.

Outcome data analysis

Deaths were identified from the national health service database. Non-
deceased participants were contacted directly. Follow-up data were
obtained from review of the patient’s hospital record, personal communi-
cation with the patient’s physician, review of the patient’s chart, a tele-
phone interview with the patient or a patient’s close relative conducted
by trained personnel, and a staff physician visiting the patients at regular
intervals in the outpatient clinic. To avoid misclassification of the cause of
death, overall death was considered. Assessors were blinded to clinical
and SE results.

Statistical analysis

Categorical data are expressed in terms of number of subjects and per-
centage while continuous data are expressed as mean + standard devi-
ation or median (minimum—-maximum) depending on variable
distribution. For continuous variables, differences among groups were
tested with one-way analysis of variance followed by Bonferroni post hoc
tests for between-group comparisons or Kruskal-Wallis followed by
Mann-Whitney test using the Bonferroni correction, as appropriate.

test or Fisher’s exact test were used to compare the distribution of cat-
egorical variables among groups.

Survival was estimated using the Kaplan—Meier method and survival
curves were compared by means of the log-rank test. Univariate Cox pro-
portional hazards models were used to identify candidate predictors for
selected endpoints. All variables with P-value <0.10 at univariate analysis
were considered for inclusion in the multivariate Cox proportional hazards
model. Collinearity was verified for all the models. We used the variance
inflation factors to check the presence of collinearity and, for the multivari-
able model containing the positivity components, the overall mean vari-
ance inflation factor was 1.16. Moreover, values for all the variables were
below 1.4, thus suggesting no evidence of collinearity in the model.

Non-proportionality of hazard was assessed using the Schoenfeld test.
The incremental value of ABCDE-SE was evaluated comparing multivari-
able models with and without individual steps using global X* value to
evaluate improvement of goodness-of-fit as well as continuous net reclas-
sification index and integrated discrimination index to assess its incremen-
tal value. Statistical significance was set at P-value <0.05. All analyses were
performed using STATA (STATACorp. Stata statistical software: Release
14. College Station, TX, USA).

Results

The main clinical characteristics of the 3574 study patients are
described in Table 1. The employed stress was exercise (n=952,
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with semi-supine bicycle exercise: n=887 or treadmill, n=65), or
pharmacological (n =2622) with vasodilator (n =2151; dipyridamole,
n=2112; adenosine, n=39), or dobutamine (n=471). Patients with
more advanced ABCDE score (4 or 5), when compared to patients
with lower scores, were more often hypertensives and studied under
anti-ischaemic therapy with beta-blockers and nitrates (Table 7).

Stress echocardiography findings

The main SE findings are described in Table 2. Figures 2 and 3 show
examples of ABCDE negativity and ABCDE positivity, respectively.
Rate of abnormal results was 16% for A, 30% for B, 36% for C, 28%
for D, and 37% for E steps.

The positivity rate in various centres differed significantly, possibly
due to different referral patterns and also because of the limited sam-
ple in some centres that determined a high degree of variability. In
details, positivity rate ranged from 0% to 56% for step A, from 0% to
60% for step B, from 16% to 100% for step C, from 13% to 100% for
step D, and from 8% to 86% for step E (Supplementary material
online, Table ST7). Each centre had its preferred stress modality.

Stress modality by centre is shown in Supplementary material online,
Table S2.

All five parameters were normal (score 0) in 1114 patients (31%),
all five were abnormal (score 5) in 172 patients (5%). The abnormal
score was 1 in 1064 (30%), 2 in 610 (17%), 3 in 349 (10%), and 4 in
265 (7%) patients.

In the 1441 patients with coronary angiography available, 848
patients (59%) showed no CAD, 373 patients (26%) showed one-
vessel CAD, and 220 patients (15%) showed multivessel CAD. ABCDE
score increased progressively with increasing extent of CAD (Figure 4).

Outcome data results

During a median follow-up of 21 months (interquartile range: 13-36),
73 deaths occurred. In the univariable analysis, predictors of all-cause
mortality were step B [hazard ratio (HR) 2.621, 95% confidence
interval (Cl) 1.654—4.152, P<0.001], step D (HR 2578, 95% ClI
1.624-4.093, P<0.001), and step E (HR 2.955, 95% CI 1.848-4.725;
P<0.001), but not step A (HR 1.333, 95% Cl 0.731-2.430; P = 0.349)
and step C (HR 1.581, 95% CI 0.997-2.506; P=0.051) (Table 3). In

Table | Clinical characteristics of the patients
All patients
(n=35T4)  G(nZii4) i (v = 064)
Age (years) 65+ 11 62 £ 112Ped 65+11°
BSA (m?) 1.87+£0.22 1.86+0.24° 1.87+£0.22
Sex (M/F) 2070 (58) 658 (59) 597 (56)
1504 (42) 456 (41) 467 (44)
Type of stress
Exercise 952 (27) 113 (10) 241 (23)
Vasodilator 2151 (60) 959 (86) 648 (61)
Dobutamine 471 (13) 42 (4) 175 (16)
Hypertension 2747 (77) 833 (75) 790 (74)
Diabetes 846 (24) 212 (19) 244 (23)
Previous PCI/CABG 1310 (40) 394 (37) 376 (43)
Coronary angiography 1441 (45) 432 (39) 411 (39)
available
No CAD) 848 (59) 309 (71) 236 (64)
1 vessel 373 (26) 108 (25) 112 (27)
Multivessel 220 (15) 15 4) 36 (9)
History of myocardial 928 (26) 259 (23) 275 (26)
infarction
Beta-blockers 2179 (61) 529 (52) 635 (60)
ACE-inhibitors/ARB 2343 (66) 651 (58) 678 (64)
Nitrates 101 (3) 7(M 16 (2)
Calcium channel blockers 633 (18) 146 (13) 169 (16)
Diuretics 793 (22) 142 (11) 241 (23)

ABCDE score P-value
..... SRS EI0) Y (TS A S ISy S (s 179
66+ 11 68+ 11%¢ 66+ 10 6419 <0.001
1.87+0.24 1.85+0.20 1.89+0.19 1.92+0.21 0.022
346 (57) 193 (55) 158 (60) 118 (69) 0.302
264 (43) 156 (45) 107 (40) 54 (31)
<0.001
171 (28) 101 (29) 178 (67) 148 (86)
291 (48) 158 (45) 72 (27) 22 (13)
148 (24) 90 (26) 15 (6) 1(1)
465 (75) 193 (76) 275 (79) 155 (90) <0.001
167 (27) 111 (32) 67 (25) 45 (26) <0.001
197 (43) 114 (46) 127 (52) 102 (62) <0.001
287 (47) 161 (46) 104 (39) 46 (27) <0.001
174 (61) 78 (48) 22 (21) 2 (4)
66 (23) 43 (27) 33(32) 11 (24)
47 (16) 70 (25) 49 (47) 33(72)
150 (25) 96 (27) 77 (29) 71 (41) <0.001
393 (64) 245 (70) 193 (69) 134 (78) <0.001
415 (68) 256 (73) 198 (75) 145 (84) <0.001
22 (4) 17 (5) 17 (6) 22 (13) <0.001
114 (19) 89 (26) 71 (27) 44 (26) <0.001
177 (29) 112 (32) 78 (29) 61 (35) <0.001

Values are expressed as mean + standard deviation or n (%).

ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; BSA, body surface area; CABG, coronary artery bypass graft; CAD, coronary artery disease; F, female;

M, male; PCI, percutaneous coronary intervention.
P <0.05 vs. ABCDE score 1.
®P<0.05 vs. ABCDE score 2.
“P<0.05 vs. ABCDE score 3.
9P < 0.05 vs. ABCDE score 4.
€P <0.05 vs. ABCDE score 5.
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Table2 Haemodynamic, rest, and stress echocardiographic findings
All patients ABCDE score P-value
(n=3574)  9g(n=1114) 1 (n=1064) 2(n=610) 3(n=349) "4 (n=265) 5(n=172)
Rest WMSI 1104023  1.05+0.17*®<¢ 107+0.19*°<¢ 11140249 1154029 1.18+033  124+036 <0.001
Stress WMSI 1.15+0.31 1.04+0.14*%9  106+0.18*°¢ 11240259 1224030 153+037¢ 1824047 <0.001
AWMS| (stress—rest) 0.06+021  -001+0.07**<¢ -001£0.09>°¢ 0.01+0.11°¢ 006+0.15°° 035+036° 058+031 <0.001
A positivity 570 (16) 0 16 (2) 59 (10) 116 (33) 207 (78) 172 (100)  <0.001
B lines at rest 0.9 (0-35) 0.1 (0-1) 1.0 (0-32) 1.4 (0-30) 1.7 (0-34) 1.6 (0-20) 2.1(0-35)  <0.001
B lines at peak 17 (0-40) 0.1 (0-1)**<%e 14 (040)*><¢ 23 (0-24)><¢ 3.1(0-33)°¢ 4.0(040¢ 63(0-39) <0.001
B positivity 1072 (30) 0 299 (28) 264 (43) 185 (53) 152 (57) 172 (100)  <0.001
DBP rest (mmHg) 78+10 78 +10¢ 7810 79£10 79+9 79£10 80+ 11 0.011
DBP stress (mmHg) 78+15 75 £ 14>Pede 78+ 15°¢ 78+ 154 79 +15¢ 81+15 83+15 <0.001
SBP rest (mmHg) 132417 130 + 1520cde 132+17°° 134+18 136+ 18 134+ 17 135+20  <0.001
SBP stress (mmHg) 142+ 34 134 + 30*Pede 143 + 35¢¢ 145 + 35¢ 144 + 34°¢ 153+32 156+28  <0.001
EF rest (%) 60+ 10 61+6>° 61+8° 59+ 16 58+ 10 60+ 11 61+10  <0.001
EF stress (%) 69 £ 11 74 + grbede 71£970ed 69 +11°<9 63+ 12 59+ 12¢ 56+ 11 <0.001
EDV rest (mL) 84429 77 £207P<de 83 +27° 87 +29¢ 89 +22¢ 98+39 104+£37  <0.001
EDV stress (mL) 80429 72 £ 212Pede 78 +26°¢ 83 +29<¢ 84 + 32°¢ 96+ 37 104+£37  <0.001
ESV rest (ml) 34419 30 + 102bede 35+ 14 36+ 19¢ 38+22 41429 43425 <0.001
ESV stress (mL) 26+18 19 + grbede 23 + 1320 28 + 17°<¢ 334219 41+ 28¢ 48+27  <0.001
Force rest (mmHg/mL)  4.62+1.96 48617399 463+190°9 46042239  451+221  423+£187  404+206 <0.001
Force peak (mmHg/ 7394419  846+3.93*P°Y 800+424*°9 70744569 6.04+3.86°¢ 4934268 4274232 <0.001
mL)
LVCR 1.61£072  177+£072*%9 176+077*>¢ 156+075>°¢ 135+053%¢ 1174038  1.08+029 <0.001
C positivity 1295 (26) 0 263 (25) 334 (55) 271 (78) 255 (96) 172 (100)  <0.001
LAD rest (cm/s) 268+12.4 256474  248+11.0°¢ 253+133%¢ 2724124%9 332+17.6% 386+212 <0.001
LAD stress (cm/s) 5814240  655+174*°<d¢ 59042510<d 53849277  50.1£233  497+239 4954255 <0.001
CFVR 225+055  2.54+036™°% 2424044259 216+045°°¢ 189+045°¢ 156+042¢ 131+028 <0.001
D positivity 994 (28) 0 111 (10) 221 (36) 245 (70) 245 (92) 172 (100)  <0.001
Heart rate rest (b.p.m.) 68+ 11 65 + 10*Pede 68+ 11*¢ 70+13¢ 69 +11¢ 70+ 12¢ 73+ 11 <0.001
Heart rate stress 103 +25 99 £21%¢ 106 +28 108+ 28° 102+26 103+20 102+18  <0.001
(bpm)
HRR 1.53+0.37 15240319  156+043%9 156+042°° 148+034 148+028  140+0.19 <0.001
E positivity 1320 (37) 0 375 (35) 342 (56) 230 (66) 201 (76) 172 (100)  <0.001

Values are expressed as mean * standard deviation, or n (%), except B-lines, expressed as median (range).

CFVR, coronary flow velocity reserve; DBP, diastolic blood pressure; EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; HRR, heart rate reserve; LAD,
left anterior descending coronary artery; LVCR, left ventricular contractile reserve; SBP, systolic blood pressure; WMSI, wall motion score index.

?P<0.05 vs. ABCDE score 2.

®P<0.05 vs. ABCDE score 3.

“P<0.05 vs. ABCDE score 4.

9P<0.05 vs. ABCDE score 5.

°P<0.05 vs. ABCDE score 1.

the multivariable analysis, ABCDE-SE was an independent predictor
of mortality with scores 3 (HR 3.472, 95% Cl 1.483-8.135; P=0.004),
4 (HR 4.045, 95% Cl 1.595-10.259; P=0.004), and 5 (HR 5.678, 95%
Cl12.106-15.313; P<0.001). Annual mortality rate ranged from 0.4%
person-year for score O up to 2.7% person-year for score 5. Survival
was worse in patients with ABCDE score 5 and best in patients with
ABCDE score O (Figure 5).

In the incremental analysis, global X? of clinical model for the pre-
diction of death increased from 49.5 considering clinical variables
positive at univariate analysis to 50.7 after step A only (P=NS), and
80.6 after BCDE steps (P <0.001 vs. step A). The increase over clinic-
al evaluation was not significant after step A (after considering clinical

variables) and step C (after considering step B) and significant for
steps B, D, and E (Figure 6).

Adding ABCDE-SE, risk reclassification was significantly improved
with net reclassification index: 23.4% (95% Cl 0.26—46.5%; P=0.048).
Integrated discrimination index was 0.51% (95% CI 0.01-0.94%;
P=0.020).

Discussion

A higher ABCDE-SE score indicates a less benign outcome. The risk
is extremely low when all biomarkers are normal. In the individual
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Rest

A-Step
Negative

B-Step
Negative

C-Step
Negative

D-Step
Negative

E-Step
Negative

Stress

Rest wall motion score index =1
Peak wall motion score index = 1
A wall motion score index =0

Rest B-Lines =0
Stress B-Lines= 0 (single site)
A B-lines = 0 (4-sites)

Rest force: 4.14 mmHg/ml
Peak force: 6.0 mmHg/ml
LVCR: 1.32

Rest flow: 20 cm/s
Peak flow: 57 cm/s
CFVR: 2.85

Rest HR: 60 b/m
Peak HR: 86 b/m
HRR: 1.43

Figure 2 A normal ABCDE study. Left column: rest images. Right column, stress images. From top to bottom: A step: normal wall motion at rest
and during stress; B step: normal A lines in lung ultrasound at rest and during stress; C step: reduced end-systolic volume and increased force during
stress; D step: normal increase of pulsed-wave Doppler peak diastolic flow: 56/20 = 2.85; E step: normal heart rate increase on electrocardiogram
(86/60 = 1.43). Stress modality: dipyridamole. CFVR, coronary flow velocity reserve; HR, hazard ratio; HRR, heart rate reserve; LVCR, left ventricular

contractile reserve.

biomarker analysis, the more established step A is also the less useful,
outperformed by steps B, C, D and E for predicting all-cause death.
Prognostically meaningful indices such as HRR and B lines are also
very simple to obtain and analyse. Step B requires basic 2D technol-
ogy and a minimal training, acquisition, and analysis time. Step E is
imaging independent and automatically read in real time on the moni-
tor of the echocardiographic machine. The value of ABCDE ap-
proach is coherent with the current understanding of the
pathophysiological complexity of CAD. The individual patient with
CAD may have multiple vulnerabilities, which are ignored, and
missed, by the conventional step A approach. With ABCDE, the
focus is shifted from coronary stenoses to the patient as a whole,
with a simultaneous assessment of multiple vulnerabilities, from cor-
onary microvascular dysfunction'” to cardiac autonomic unbalance.?
It is conceivable that an SE-driven tailored therapy might be effective
in improving prognosis through targeted efforts against the abnormal
steps, which may trigger specific countermeasures. ABCDE-SE
changes the binary step A response in a refined stratification of the
overall level of risk, with a better identification of the prevailing
phenotype coming into play in a specific patient.

Comparison with previous studies

The findings of the present study are consistent with previous reports
showing the diagnostic and prognostic values of step B,>*' step C,°
step D,%*% and step E”'" separately performed. The low positivity

rate with ischaemia by SE or myocardial perfusion imaging has been
observed in recent years, possibly due to a change in population char-
acteristics.”® The prognostic value of various steps has also been ex-
tensively shown to be additive to stress-induced RWMA for step B,
step C,° step D.and step E2 Step D offers independent information
beyond steps A, C, and E.3** The results of the present study confirm
and extend previous evidence since all steps were simultaneously
assessed in the same population allowing a separate analysis for all-
cause death.

The test positivity based on RWMA did not predict mortality.®
Most patients are now studied under therapy that masks inducible is-
chaemia. In addition, step A is the only parameter embedded in gen-
eral cardiology guidelines” and is utilized by referring cardiologists to
decide ischaemia-driven revascularization to improve symptoms and
possibly, in some subsets, survival.

Clinical implications

Cardiac functional testing with ABCDE-SE allows gaining of a com-
prehensive insight on patient vulnerability still with an extraordinarily
simple and feasible test with low cost, minimal risk, zero radiation,
and near-zero environmental impact. Therefore, it has the ideal fea-
tures of economic, radiological, and environmental sustainabilities
that are especially important for health care in the COVID-19 era.
The protocol can be applied with all stresses, and this is especially im-
portant since exercise can be easily replaced with pharmacological
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A-Step
Positive

B-Step
Positive

C-Step
Positive

D-Step
Positive

E-Step
Positive

Rest wall motion score index = 1.0
Peak wall motion score index = 1.3
A wall motion score index = 0.3

Rest B-Lines =0
Stress B-Lines = 4 (single site)
A B-lines = 8 (4-sites)

Rest force: 3.71 mmHg/ml
Peak force: 3.78 mmHg/ml
LVCR: 1.02

Rest flow: 22 em/s
Peak flow: 38 cm/s
CFVR: 1.72

Rest HR: 74 b/m
Peak HR: 88 b/m
HRR: 1.19

Figure 3 An abnormal ABCDE study. Left column: rest images. Right column, stress images. From top to bottom: A step: normal wall motion at
rest and abnormal wall motion of apical region during stress; B step: no B lines at rest, four B lines in lung ultrasound during stress; C step: dilated end-
systolic volume and blunted force reserve during stress; D step: reduced increase of pulsed-wave Doppler peak diastolic flow—38/22 = 1.72; E step:
blunted heart rate on electrocardiogram (87/75 = 1.16). Stress modality: dipyridamole. CFVR, coronary flow velocity reserve; HR, hazard ratio; HRR,

heart rate reserve; LVCR, left ventricular contractile reserve.

B No CAD 8 Single Vessel CAD B Multivessel CAD

p=0.001

% positivity

ABCDE =0 MABCDE =1 ABCDE =2 ABCDE =3 ABCDE =4 ABCDE =5

Figure 4 ABCDE-stress echocardiography results and coronary
angiography data. The percentage of patients with normal coronary
arteries (no coronary artery disease), one-vessel coronary artery
disease, and multivessel or left main coronary artery disease in the
six subsets identified with ABCDE score from 0 to 5. *Inter-group
significance. CAD, coronary artery disease.

test in periods of intense viral epidemiological pressure when
pharmacological stress is preferred over exercise because of added
safety concerns and needed personal protective equipment during
exercise.”

The use of the ABCDE protocol is not mainly intended for the pri-
mary detection of CAD, since epicardial artery stenosis is the target of
step A. However, the presence of advanced ABCDE score, even with
normal step A, points to more extensive anatomic CAD in patients
with chronic coronary syndromes. Patients with chest pain and CAD
may show pulmonary congestion, reduced LVCR, a reduced CFVR,
and blunted HRR in the absence of RWMA. A similar pattern can be
found, even more frequently, in patients with chest pain with angio-
graphically normal coronary arteries. The reassuring view of the clas-
sical ischaemic cascade with RWMA as the early and often only
marker of inducible ischaemia is clearly challenged by these findings.

The main applications of ABCDE-SE are the identification of func-
tional mechanisms of disease and symptoms, risk stratification, guide
to therapy, or objective assessment of therapy efficacy. Each step
identifies a specific phenotype, a biomarker of risk, and a potential se-
lective target of tailored therapy.

An abnormal step A indicates anti-ischaemic therapy with beta-
blockers, calcium channel blockers or nitrates, and possibly revascula-
rization.” Diuretic therapy is recommended in patients with pulmon-
ary congestion,” which is optimally identified and quantified with an
abnormal step B after stress. Angiotensin-converting enzyme inhibi-
tors are recommended in patients with asymptomatic left ventricular
dysfunction after myocardial infarction,” but dysfunction is better
identified with contractile reserve in step C. A selectively abnormal
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Table 3 Predictors of all-cause mortality

Variables

Age (years) 1.074 (1.047-1.101)
1.968 (1.167-3.321)
0.759 (0.101-5.703)

Exercise (reference) 1

Male sex
Type of stress

Dipyridamole 0.859 (0.495-1.491)
Dobutamine 0.741 (0.332-1.654)
Adenosine 1.317 (0.175-9.890)

Hypertension (%)
Beta-blockers therapy (%)
Diabetes (%)

1.547 (0.849-2.820)
1.016 (0.631-1.637)
2.562 (1.613—4.070)

Prior M 1.280 (0.785-2.087)
Reduced EF (<50%) 1.866 (1.041-3.343)
A positivity 1.333 (0.731-2.430)
B positivity 2.621 (1.654-4.152)
C positivity 1.581 (0.997-2.506)
D positivity 2.578 (1.624-4.093)
E positivity 2.955 (1.848-4.725)
ABCDE score 0 1

ABCDE score 1 2.182 (0.987-4.824)
ABCDE score 2 2.974 (1.301-6.797)
ABCDE score 3 5.438 (2.352-12.573)
ABCDE score 4 5.289 (2.095-13.354)
ABCDE score 5 6.923 (2.573-18.625)

Univariable Cox regression analysis

Multivariable Cox regression analysis

1.065 (1.038-1.092)
1.964 (1.162-3.320)

1.946 (1221-3.103) 0.005

1
1.798 (0.811-3.988)
2.187 (0.934-5.043)
3.472 (1.483-8.135)
4.045 (1.595-10.259)
5.678 (2.106-15.313)

0.149
0.066
0.004
0.004
<0.001

Cl, confidence interval; EF, ejection fraction; HR, hazard ratio; Ml, myocardial infarction.

104
%% 29.416
p<0.001
B
&
=
b=
™
5 «
=
i
s
[ 13 24 36
Subjects at risk Follow-up (Months)
— ABCDEScore0 1114 914 522 268
— ABCDEScore1 1064 894 489 287
ABCDEScore2 610 517 279 165
— ABCDEScore3 349 287 146 76
— ABCDEScore4 265 214 79 52
— ABCDEScore5 172 131 a2 32

Figure 5 Survival curves based on ABCDE score. Survival is
worse in patients with ABCDE score 5 and best in patients with
ABCDE score 0.

step D suggests the presence of coronary microvascular disease, and
statins are recommended.” Abnormal step E implies a reduced car-
diac sympathetic reserve, potentially targetable with a variety of pos-
sible therapies reducing the overactive sympathetic nervous system
through the blockade of the beta-adrenergic or renin-angiotensin-
aldosterone systems, or neuromodulation therapy aimed to restore
autonomic balance through a sympatho-modulatory intervention,
such as for instance renal denervation.® The overall global ABCDE
risk score may be important to titrate therapy for event prevention.

Study limitations
Results were accessible to the referring physician, but the informa-
tion beyond step A is unlikely to have affected subsequent decision-
making since no evidence was available to support a change in man-
agement based on steps B—E.

Stress echocardiography does not tolerate improvisation, and a
dedicated training is required to start ABCDE activity. However, the
additional training and technology requirements are minimal com-
pared to standard conventional SE, and analysis of wall motion and
volumes is rapidly becoming operator independent and objective in
the era of artificial intelligence.”” The most difficult technical hurdle is
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Figure 6 Incremental prognostic value of ABCDE positivity. The
incremental value of ABCDE on global X? for predicting all-cause
death was non-significant for step A (after considering clinical varia-
bles) and step C (after considering step B) and significant for steps
B, D, and E. LVEF, left ventricular ejection fraction. NS, ¢ee.

the acquisition of step D for LAD flow. This parameter was recom-
mended with vasodilator stress echo since 2009'” and is already pre-
sent in the 2019 European Society of Cardiology guidelines on
chronic coronary syndromes for the assessment of coronary micro-
vascular dysfunction in patients with ischaemia and normal coronary
arteries.” The next step for those willing to try and start is to put to-
gether this information in the clinical arena and to build their own ex-
perience in their own patients.

The original statistical plan was to include 5000 patients with 3-
year follow-up for mortality analysis, but as already described for
many studies, COVID-19 pandemic abruptly slowed the recruitment
everywhere at the beginning of 2020,%® which was the planned last
year of the SE 2020 study.

The outcome endpoint was all-cause death, which is a methodo-
logically sound and clinically meaningful indicator but does not allow
a separate analysis for different causes of death. In practice, the end-
point death is extremely robust, while the adjudication of cardiac or
non-cardiac death, and even more sudden or non-sudden cardiac
death, can be more problema‘cic.29 More granular endpoints may be
preferentially predicted by individual biomarkers: step A predicts un-
stable angina;>" step B predicts acute decompensated heart failure;’
step C predicts progression of dyspnoea class and left ventricular
dilatation;® step D predicts myocardial infarction;® and step E predicts
electrical instability and arrhythmias.*

The echocardiographic images were not adjudicated by a core lab
but at each recruiting centre. This allowed a substantial sparing of
resources and was also a methodological prerequisite for an effect-
iveness study, mirroring real-life conditions with unselected patients.
A mandatory web-based quality control was implemented for con-
ventional and innovative parameters upstream to patient recruitment
since the volume of activity is necessary but not sufficient to ensure
the quality of reading.14

The percentage of exercise, vasodilator, and dobutamine is differ-
ent in the different subgroups, and this may influence at least the ex-
tent of positivity, although we found that the rate of positivity was
similar with different stresses when stress-specific cut-off values are

used.” The score 0-5 underuses the potential of stratification since
every single letter used to build the score, from A to E, is analysed as
a binary (positive vs. negative) response but is amenable to further ti-
tration of severity, from mild to moderate to severe impairment.
These aspects are certainly important and will likely be addressed in
the future with larger sample sizes, longer follow-up, and artificial
intelligence-based data analysis as planned in the SE 2030 study.

The overall score generated by the ABCDE protocol is useful to
identify the level of global risk, with higher scores requiring more ag-
gressive treatment and closer surveillance. On top of this methodo-
logical and conceptual framework, further steps can be added in
specific patients, from mitral regurgitation (step F) for valvular or is-
chaemic heart disease to step G (for gradients) in hypertrophic car-
diomyopathy up to step R (for right ventricular function) in valvular
and some forms of congenital heart disease.

Conclusions

ABCDE-SE allows assessment of multiple different vulnerabilities of
the patient above and beyond epicardial artery stenosis.
Vulnerabilities include pulmonary congestion, reduced contractile re-
serve, coronary microvascular dysfunction, and cardiac autonomic
unbalance. This spectrum of phenotypes identifies the individual risk
more accurately than inducible ischaemia and RWMA. Each step is
important in modulating outcome and is a potential selective thera-
peutic target, paving the way to personalized assessment of risk and
tailored therapy approaches.

Supplementary material
Supplementary material is available at European Heart Journal online.
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