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its diagnostic and prognostic value.1-3 Coro‑
nary flow velocity reserve increases the de‑
tection rates of LAD stenosis and facilitates 
risk stratification, with a proposed cutoff val‑
ue of less than 2 indicating lower coronary re‑
serve and worse prognosis.4,5 However, there 
is an ongoing debate regarding the feasibility 
of CFVR in various types of stress tests since 

INTRODUCTION  The assessment of coronary 
flow velocity reserve (CFVR) in the left ante‑
rior descending coronary artery (LAD) com‑
bined with regional wall motion abnormali‑
ties, expressed semiquantitatively as the wall 
motion score index (WMSI), is one of the pro‑
posed major advancements in stress echocar‑
diography (SE) that may potentially improve 
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ABSTRACT

INTRODUCTION  The assessment of coronary flow velocity reserve (CFVR) may improve the diagnostic 
and prognostic value of stress echocardiography (SE).
OBJECTIVES  The aim of the study was to compare the feasibility of CFVR assessment in the left anterior 
descending artery (LAD) in 4 modalities of SE: dobutamine, dipyridamole, rapid cardiac pacing, and 
exercise using cycle ergometer.
PATIENTS AND METHODS  We performed SE in 369 patients (mean [SD] age, 67 [11] years) with dobu‑
tamine (n = 230), dipyridamole (n = 73), rapid cardiac pacing (n = 22), or exercise (n = 44) between 
June 2017 and June 2020. We measured CFVR as the  ratio of peak diastolic coronary flow velocity 
during exercise, pharmacological stress, or pacing to peak diastolic coronary flow velocity at  rest in 
the distal or mid LAD.
RESULTS  The feasibility of CFVR was excellent during rapid cardiac pacing (100%), dobutamine (95%), 
and dipyridamole (95%) and was lower during exercise (73%; P <0.01 vs other groups). In multivariable 
analysis, the exercise protocol was a predictor of the loss of blood flow in the LAD during SE (odds ratio, 
7.89; 95% CI, 2.17–31.33; P = 0.002). The median (interquartile range) CFVR was lower with rapid cardiac 
pacing (1.7 [1.4–2.0]) as compared with dobutamine (2.1 [1.7–2.5]), dipyridamole (2.1 [1.8–2.5]), and 
exercise (2.0 [1.7–2.3]) (P <0.05 for all).
CONCLUSIONS  CFVR in the LAD can be obtained during all forms of SE, but the feasibility is significantly 
higher with rapid cardiac pacing and pharmacological tests as compared with exercise, which was identi‑
fied in our study as an independent predictor of the loss of blood flow during a blood flow recording in 
the LAD at the peak of stress test.
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arm to reach the heart limit, as well as asthma, 
or methylxanthines taken within 24 hours pri‑
or to the dipyridamole test).

Echocardiography  Echocardiography was per‑
formed with E9 or VIVID 7 systems (GE Vingmed 
Ultrasound AS, Horten, Norway) using M4S/M5S 
probes. Echocardiographic measurements (includ‑
ing Doppler parameters) were taken according to 
the recommendations.2,11

We used 2 views to record the blood flow in 
the LAD: a modified parasternal long‑axis view 
(the mid part of the LAD, chosen in the major‑
ity of cases, approximately 70%) or a modified 
apical 3‑chamber view (distal part of the LAD). 
The blood flow was mapped by color Doppler 
at the Nyquist limit of approximately 20 cm/s, 
and a pulsed wave sample was used to record 
the coronary flow spectrum. The values from 3 
cycles were averaged. During SE, Doppler imag‑
ing was repeated to obtain a spectrum of suffi‑
cient quality closest to the peak point of the test. 
CFVR was assessed as the ratio of the highest di‑
astolic blood flow velocity at peak stress to peak 
diastolic velocity measured in the same part of 
the LAD at rest.

Stress echocardiography protocols  Stress echo
cardiography was performed using 4 different 
stressors and respective protocols enabling visual 
assessment of segmental contractility, detection 
of B‑lines over the pulmonary fields, measure‑
ment of the contractile reserve of the left ven‑
tricle as well as Doppler assessment of the cor‑
onary flow reserve. The ABCD protocol was fol‑
lowed for all the above components. The proto‑
col was introduced in the SE 2020 (Stress Echo 
2020) study and is described in detail elsewhere.1,2 
Briefly, A stands for asynchrony, B for B‑lines, C 
for left ventricular contractile reserve, and D for 
Doppler assessment of blood flow in the LAD and 
CFVR calculation.1,2 Left ventricular contractile 
reserve was defined as the ratio of the left ven‑
tricular force (systolic blood pressure divided by 
left ventricular end‑systolic volume) at peak SE 
to the force at baseline. The heart rate reserve was 
also assessed as the E step of the ABCDE protocol 
and defined as the ratio of the peak to the base‑
line heart rate.12

Details of SE protocols are displayed in FIGURE 1. 
Pacing was performed with an external program‑
ming device with the assistance of a physician 
working in the electrophysiology laboratory, and 
whenever possible, atrial pacing with physiologi‑
cal conduction to the ventricles was preferred as it 
renders contraction without septal flash (similar 
to the left bundle branch block pattern) and po‑
tentially preserves better coronary perfusion.13,14

Electrocardiogram and blood pressure were 
monitored and all studies were performed by 
a cardiologist experienced in various SE modali‑
ties (KWD), assisted by a nurse or / and another 
physician. 12‑lead electrocardiogram was record‑
ed before and after the termination of the test. 

the available data are limited mainly to vaso‑
dilator SE. Moreover, success rates largely de‑
pend on operator abilities because CFVR assess‑
ment seems to be both technically challenging 
and rarely practiced.6,7

We present a prospective single‑center study 
on the assessment of feasibility of blood flow in 
the LAD and CFVR in contemporary stress test 
protocols, performed between June 2017 and 
June 2020, including catecholamines (dobuta‑
mine test), vasodilators (dipyridamole test), exer‑
cise stress (cycle ergometer), as well as rapid cardi‑
ac pacing SE, recommended for the growing popu‑
lation of patients with permanent pacemakers.8-10

The primary aim of our study was to compare 
the feasibility of CFVR in various types of phys‑
ical, pharmacological, and pacing stress testing 
performed in the same laboratory. Our second‑
ary aim was to compare the stress‑specific CFVR 
values in relation to the results of SE.

PATIENTS AND METHODS  Study group  We in‑
cluded 369 patients (256 women, mean [SD] age, 
67 [11] years; age range, 22–92 years) referred 
for SE as part of the diagnostic workup of coro‑
nary artery disease (CAD) at the tertiary Depart‑
ment of Cardiology, Medical University of Lodz, 
Łódź, Poland.

The  choice of SE protocol was based on 
the physician’s evaluation, including indica‑
tions and contraindications to specific stress‑
ors as well as patient preferences. All 22 patients 
with implanted pacemakers underwent rapid 
cardiac pacing. Patients able and willing to ex‑
ercise to an extent likely to provide an appro‑
priate increase in heart rate (without locomotor 
system diseases, poor hypertension control, or 
significantly impaired exercise tolerance) exer‑
cised on a semi‑supine cycle ergometer (44 pa‑
tients), while others underwent pharmacological 
SE: a dobutamine (230 patients) or dipyridam‑
ole test (73 patients) according to established 
contraindications (inadequate blood pressure 
control, high arrhythmic risk, or contraindica‑
tion to atropine administered in the dobutamine 

WHAT’S NEW?

Coronary flow velocity reserve (CFVR) in the left anterior descending coronary 
artery (LAD) may add diagnostic and prognostic value to stress echocardiog‑
raphy (SE). In our group, CFVR was feasible in 100% of pacing and in 95% 
of pharmacologic SE (dobutamine and dipyridamole) whereas feasibility for 
exercise test was significantly lower at 73%. Exercise was an independent 
predictor of the loss of blood flow recording during SE whereas higher resting 
force predicted higher feasibility of LAD flow at stress. Our study presents 
an  insight into CFVR feasibility and provides data recorded in patients un‑
dergoing noninvasive stress pacing, which is so far unique in the literature. 
Moreover, we compared CFVR feasibility in all 4 most popular protocols of SE 
in the uniform tertiary single‑center conditions, documenting the possibility 
of a wider application of the LAD‑based CFVR assessment beyond vasodilator 
(dipyridamole and adenosine) settings.
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Comparison of categorical data frequency was 
performed with the χ2 test or the Fisher exact 
test for groups with 5 or less patients. Statistical 
significance was set at a P value of less than 0.05 
(2‑tailed). Correlation was calculated as Pearson 
coefficient. Predictors of the loss of blood flow in 
the LAD at peak stress were assessed by stepwise 
logistic regression analysis with the odds ratio 
(OR) calculation. For the assessment of intrao‑
bserver and interobserver agreement, 2 meth‑
ods were applied: coefficient of variation as well 
as the intraclass correlation coefficient calculat‑
ed separately for rest and stress data. Analyses 
were conducted with MedCalc, version 12.1.4. 
(MedCalc Software, Ostend, Belgium).

Ethics  The  study was performed as part of 
the multicenter SE 2020 project, and its proto‑
col was approved by institutional ethics commit‑
tees as part of the SE 2020 study (148‑Comitato 
Etico Lazio‑1, July 16, 2016; ClinicalTrials.gov 
identifier, NCT030.49995). All patients gave in‑
formed consent to participate in the study.

RESULTS  Characteristics of coronary flow veloci-
ty reserve  The demographic and clinical charac‑
teristics of the study groups are shown in TABLE 1. 
Resting hemodynamic and echocardiographic data 
are presented in TABLE 2. In short, patients under‑
going rapid cardiac pacing were the oldest with 
the most prevalent history of myocardial infarc‑
tion. Patients in the exercise stress group were 
the youngest and had the lowest rates of cardio‑
vascular risk factors and respective pharmaco‑
logical treatment.

Consistently with specific stressor profiles, me‑
dian peak heart rate was the lowest in the dipyri‑
damole test group and the highest blood pressure 
was observed in the exercise stress group (TABLE 3). 
The heart rate limit defined as heart rate greater 
than 85% × (220 – age) was reached by 63% of pa‑
tients in the dobutamine group, 1% of the dipyr‑
idamole group (due to the different mechanism 

Criteria for interrupting the test were as follows: 
patient’s request, chest pain, induced wall motion 
abnormalities, significant rhythm disturbances, 
excessive fatigue, blood pressure increase (systol‑
ic >240 mm Hg, diastolic >120 mm Hg), symp‑
tomatic hypotension, limiting dyspnea, leg pain, 
or predicted heart rate.

Reproducibility of Doppler measurements  The SE 
2020 study provided online training and multi‑
center reproducibility assessment which included 
the measurement of the blood flow velocity in the 
LAD. For all elements of SE protocols, including 
CFVR evaluation, the training was deemed suc‑
cessful after achieving at least 90% agreement 
with the core laboratory data.

All examinations and measurements were per‑
formed by a single observer (KWD). The second 
observer (JDK) reviewed and assessed a set of 20 
randomly chosen images for interobserver vari‑
ability evaluation. LAD velocity at rest was feasi‑
ble in all 20 patients, and at stress in 17 patients.

The intraobserver coefficient of variation for 
LAD velocity was 5.2% at rest and 2.0% at peak, 
and for interobserver comparisons it was 13.1% 
at rest and 11.7% at peak. For intraclass correla‑
tion coefficient, the intraobserver values were 
0.969 at rest and 0.998 at peak, whereas for 
the interobserver, 0.726 and 0.909, respectively.

Statistical analysis  Data are expressed as mean 
(SD) for continuous values with normal distribu‑
tion, as median and interquartile range (IQR) for 
data with nonnormal distribution, or as a num‑
ber with percentage for categorical data. The dis‑
tribution was assessed with the D’Agostino–Pear‑
son test and respective parametric or nonpara‑
metric tests were used. Multiple‑sample compar‑
ison was performed with analysis of variance and 
the post‑hoc Newman–Keuls test for data with 
normal distribution and with the Kruskal–Wal‑
lis test and then the Conover test for data which 
did not fulfill the normal distribution conditions. 

FIGURE 1�  Study 
protocols and flow chart 
Abbreviations: 
DIP, dipyridamole test; 
DOB, dobutamine test; 
EXE, exercise stress test; 
HR, heart rate; PAC, rapid 
cardiac pacing stress 
echocardiography

Patients included: n = 369; mean (SD) age, 67 (11); 256/113 female/male sex
HR limit (target for DOB, EXE and PAC) = 0.85 × (220–age)

DOB
n = 230

Mean (SD) age
68 (9)

DIP
n = 73

Mean (SD) age
69 (9)

EXE
n = 44

Mean (SD) age
56 (17)

PAC
n = 22

Mean (SD) age
76 (8)

Four 3-minute stages 
of DOB infusion starting 

from 10, then 20 
and 30 to 40 μg/kg/min.

Atropine was added 
in doses of 0.5 mg 

up to 2 mg if needed 
for target HR.

DIP infusion at 
a dose of 0.84 mg/kg 

during 6 minutes;
After termination 

of protocol, theophylline 
200 mg intravenously 

was administered 
routinely.

Semi-supine bicycle EXE
 with an initial workload 

of 25 Watts for 
2 minutes, then 
workload was 

increased stepwise 
by 25 Watts at 

2-minute intervals.

External pacing in two 
3-minute stages:
first at an HR of 
100 bpm and 

second at a pace
 according to 

calculated HR limit 
for patient’s age.
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and at peak (r = –0.257; P <0.001) in the whole 
group. CFVR correlated inversely with the num‑
ber of stenosed coronary arteries (Supplementa‑
ry material, Figure S2).

The percentages of examinations assessed vi‑
sually as positive for ischemia were similar in 
all groups (TABLE 3). In the subgroup with posi‑
tive SE, more patients had coronary angiogra‑
phy performed as compared with the subgroup 

of this SE type), 16% of the exercise group, and 
60% of the rapid cardiac pacing group. These re‑
sults indicate lower efficacy of heart rate mea‑
surement during exercise as compared with do‑
butamine or pacing tests (exercise stress test vs 
dobutamine test, P <0.001; exercise stress test vs 
rapid cardiac pacing test, P = 0.001).

Moreover, we observed a correlation between 
CFVR and WMSI at rest (r = –0.231; P <0.001) 

TABLE 1  Patient demographic and clinical characteristics

Variable DOB 
(n = 230)

DIP 
(n = 73)

EXE 
(n = 44)

PAC 
(n = 22)

DOB vs 
DIP

DOB vs 
EXE

DOB vs 
PAC

DIP vs 
EXE

DIP vs 
PAC

EXE vs 
PAC

Age, y 69 (62–73) 69 (64–74) 60 (44–67) 78 (70–83) 0.5 <0.001 <0.001 <0.001 <0.001 <0.001

Sex Male 57 (24.8) 21 (28.8) 24 (54.5) 11 (50) 0.6 <0.001 0.02 0.01 0.112 0.931

Female 173 (75.2) 52 (71.2) 20 (45.5) 11 (50)

BSA, m2 1.84 
(1.71–2)

1.85 
(1.67–2.01)

1.91 
(1.77–2.09)

1.91 
(1.79–2.06)

0.83 0.1 0.16 0.11 0.17 0.93

BMI, kg/m2 27.7 
(24.8–31.2)

28.3 
(25.7–31.7)

26.6 
(24.1–28.9)

27.7 
(25.7–29.7)

0.56 0.03 0.79 0.02 0.43 0.14

MI history 47 (20.4) 14(19.2) 10 (22.7) 10 (45.5) 0.95 0.89 0.02 0.82 0.03 0.11

Hypertension 182 (79.1) 66 (90.4) 24 (54.5) 21 (95.5) <0.05 0.001 0.09 <0.001 0.68 <0.001

Diabetes 69 (30) 29 (39.7) 4 (9.1) 8(36.4) 0.15 0.003 0.63 <0.001 0.81 0.015

Dyslipidemia 185 (80.4) 62 (84.9) 24 (54.5) 18 (81.8) 0.49 <0.001 0.9 <0.001 0.99 0.03

Smoking 53 (23) 7 (9.6) 7 (15.9) 2 (9.1) 0.02 0.4 0.18 0.07 1.0 0.71

AF 5 (2.2) 4 (5.5) 1 (2.3) 5 (22.7) 0.23 1.0 <0.001 0.65 0.03 0.01

OAC 14 (6.1) 11 (15.1) 2 (4.5) 4 (18) 0.03 1.0 0.06 0.13 0.74 0.09

ACE‑I 138 (60) 49 (67.1) 22 (50) 16 (72.7) 0.34 0.29 0.35 0.1 0.81 0.13

β‑Blocker 170 (73.9) 54 (74) 22 (50) 20 (90.9) 0.89 0.003 0.12 0.02 0.14 0.001

Diuretic 83 (36.1) 35 (47.9) 8 (18.2) 14 (63.6) 0.09 0.03 0.02 0.002 0.29 <0.001

ASA 121 (52.6) 26 (35.6) 14 (31.8) 14 (63.6) 0.02 0.02 0.44 0.83 0.04 0.03

Statin 183 (79.6) 64 (87.7) 24 (54.5) 19 (86.4) 0.17 <0.001 0.58 <0.001 1.0 0.01

Data are presented as number (percentage) or median (interquartile range).

Abbreviations: ACE‑I, angiotensin–converting enzyme inhibitor; AF, atrial fibrillation; ASA, acetylsalicylic acid; BMI, body mass index; BSA, body 
surface area; MI, myocardial infarction; OAC, oral anticoagulant, others, see FIGURE 1

TABLE 2  Hemodynamic and resting echocardiographic data

Variable DOB 
(N = 230)

DIP 
(N = 73)

EXE 
(N = 44)

PAC 
(N = 22)

DOB vs 
DIP

DOB vs 
EXE

DOB 
vs PAC

DIP vs 
EXE

DIP vs 
PAC

EXE vs 
PAC

HR rest, bpm 65 (59–73) 65 (57–72) 64 (5672) 68 (60–76) 0.33 0.27 0.25 0.8 0.11 0.1

DBP 
rest, mm Hg, 
mean (SD)

76 (12) 77 (10) 80 (12) 77 (14) 0.37 0.07 0.88 0.28 0.72 0.34

SBP rest, mm Hg 136 
(124–150)

146 
(135–157)

130 
(119–141)

144 
(125–157)

<0.001 <0.02 0.41 <0.001 0.36 0.06

EF rest, % 63 (57–68) 65 (59–69) 61 (56–68) 61 (47–66) 0.41 0.31 0.15 0.14 0.07 0.47

WMSI resta 1.0 (1.0–1.0); 
(1.0–2.18)

1.0 (1.0–1.0); 
(1.0–2.0)

1.0 (1.0–1.0); 
(1.0–2.0)

1.0 (1.0–1.0); 
(1.0–2.65)

0.55 0.4 0.72 0.79 0.96 0.89

B‑lines resta, n 0 (0–0); 
(0–9)

0 (0–0); 
(0–6)

0 (0–0); 
(0–7)

0 (0–0); 
(0–11)

0.82 0.76 0.23 0.91 0.38 0.46

LAD rest 
velocity, cm/s

25 (22–32) 25.5 (22–31) 24 (22–31) 27.5 (23–31) 0.57 0.54 0.95 0.75 0.77 0.65

Data are presented as median (interquartile range) unless otherwise indicated.

a  Since median and interquartile range for WMSI at rest equaled 1.0 and B‑lines at rest equaled 0 in all subgroups, the minimal and maximal values 
have been additionally presented.

Abbreviations: DPB, diastolic blood pressure; EF, ejection fraction; LAD, left anterior descending coronary artery; SBP, systolic blood pressure; WMSI, 
wall motion score index; others, see FIGURE 1
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as significantly decreased CFVR (median [IQR], 
1.653 [1.36–1.897] vs 2.057 [1.689–2.437]; 
P = 0.02) when compared with patients with‑
out significant lesions in the LAD. Moreover, 
there were no differences in comparisons be‑
tween patients without LAD lesions and those 
after LAD revascularization (Supplementary 
material, Table S3).

Feasibility of coronary flow velocity reserve  Dop‑
pler of blood flow velocity in the LAD could be as‑
sessed at rest in 227 out of 230 patients in the do‑
butamine group (98.7%), 70 out of 73 patients 
in the dipyridamole group (95.9%), 38 out of 44 
patients in the exercise stress group (86.4%), 
and 22 out of 22 patients in the rapid cardiac 
pacing group (100%). The measurement of LAD 
velocity, and thus CFVR, was slightly less fea‑
sible at the peak stage of the dobutamine test 
(218/230, 94.8%) and significantly less feasi‑
ble at exercise stress (32/44, 72.7%), whereas 
only one spectrum was lost in the dipyridam‑
ole group (69/73, 94.5%) and none in the rap‑
id cardiac pacing group. Therefore, the feasibili‑
ty of CFVR calculation was significantly lower in 
exercise stress test as compared with other tests 
(FIGURE 2). The overall CFVR feasibility in all tests 
was 92.4% (341/369 examinations).

with negative SE. Respective percentages of 
coronary angiographies were 66.6% and 32.5% 
(P value <0.001).

Additionally, we compared the group with pos‑
itive SE (that is, stress‑induced ischemia diag‑
nosed as visually worsened contractility) with 
the group with negative SE (Supplementary ma‑
terial, Table S1). CFVR was lower in the group 
with positive SE (median [IQR], 1.71 [1.47–2.03] 
vs 2.06 [1.74–2.47]; P <0.001). We also observed 
higher frequency of combined endpoints (deaths, 
hospitalizations, and need for revascularizations) 
in the group with positive SE (40.7% vs 7.3%; 
P <0.001).

We also compared subgroups with impaired 
and preserved CFVR. Patients with impaired 
CFVR of less than 2 were older, had lower ejec‑
tion fraction at rest and peak, and higher WMSI 
at both stages of SE. Moreover, resting LAD veloc‑
ity was higher in the group with decreased CFVR 
whereas LAD velocity at SE peak was lower in 
these patients (Supplementary material, Table S2).

Finally, we separately compared patients with 
LAD stenosis confirmed by angiography with 
those without LAD stenosis and those after re‑
vascularization of the LAD. The patients with 
LAD stenosis had lower ejection fraction at rest 
and peak, higher WMSI at rest and peak as well 

TABLE 3  Hemodynamic and echocardiographic data at peak

Variable DOB 
(N = 230)

DIP 
(N = 73)

EXE 
(N = 44)

PAC 
(N = 22)

DOB vs 
DIP

DOB vs 
EXE

DOB vs 
PAC

DIP vs 
EXE

DIP vs 
PAC

EXE vs 
PAC

HR peak, bpm 131 
(125–138)

80 (70–93) 125 
(113–140)

121 (120–
130)

<0.001 0.08 <0.001 <0.001 <0.001 0.45

DBP peak, mm Hg 72 (65–82) 75 (68–80) 90 (79–109) 82 (68–88) 0.42 <0.001 0.04 <0.001 0.09 0.03

SBP peak, mm Hg 136 
(120–152)

132 
(120–158)

186 
(155–200)

133 
(120–154)

0.57 <0.001 0.76 <0.001 0.94 <0.001

EF at peak, % 68 (63–74) 68 (62–72) 65 (60–71) 62 (47–66) 0.8 0.06 <0.001 0.15 <0.001 0.04

WMSI at peak 1.0 
(1.0–1.06)

1.0 
(1.0–1.1)

1.0 
(1.0–1.06)

1.0 
(1.0–1.24)

0.77 0.56 0.3 0.76 0.41 0.62

B‑lines peak numbera 0 (0–0); 
(0–14)

0 (0–0); 
(0–9)

0 (0–0.5); 
(0–9)

0 (0–2.0); 
(0–11)

0.19 0.35 0.08 0.08 0.02 0.44

LVCRb 1.66 
(1.32–2.17)

1.09 
(0.89–1.32)

1.73 
(1.08–2.09)

1.23 
(1.0–1.44)

<0.001 0.37 <0.001 <0.001 0.15 0.01

LAD peak 
velocity, cm/s

55 (45–67) 56 (52–60) 49 (41–62) 46 (35–53) 0.86 0.07 0.002 0.08 0.003 0.18

CFVR 2.1  
(1.7–2.5)

2.1 
(1.8–2.5)

2.0 
(1.7–2.3)

1.7 
(1.4–2.0)

0.63 0.26 <0.001 0.18 <0.001 0.03

CFVR in negative SEc 2.1  
(1.7–2.5)

2.1 
(1.8–2.5)

2.0 
(1.8–2.3)

1.8 
(1.4–2.0)

0.76 0.36 0.003 0.3 0.003 0.041

HRRd, mean (SD) 1.98 (0.37) 1.28 (0.25) 1.99 (0.48) 1.79 (0.25) <0.001 0.95 0.02 <0.001 <0.001 0.08

Positive SE, n (%) 16 (7) 5 (6.8) 2 (4.5) 4 (18.2) 0.82 0.8 0.09 0.92 0.37 0.26

Data are presented as median (interquartile range) unless otherwise indicated.

a  The minimal and maximal values for B‑lines were additionally presented.

b  Force at peak / force rest ratio; force was calculated as systolic blood pressure divided by left ventricular end‑systolic volume.

c  SE was negative in 315 patients with feasible CFVR in 203, 64, 30, and 18 patients from DOB, DIP, EXE, and PAC, respectively.

d  HRR was defined as HR peak / HR rest ratio.

Abbreviations: CFVR, coronary flow velocity reserve; HRR, heart rate reserve; LVCR, left ventricular contractile reserve; SE, stress echocardiography; 
others, see FIGURE 1 and TABLE 2
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In 16 patients, blood flow in the LAD was lost 
during SE (dobutamine, 9; exercise, 6; dipyridam‑
ole, 1; and rapid cardiac pacing, 0), and the per‑
centage of loss of blood flow in the LAD was 
significantly higher in exercise (15.4%) than in 
the dobutamine (4%) and dipyridamole (1.4%) 
groups (P = 0.01 for exercise vs dobutamine and 
for exercise vs dipyridamole). A comparison be‑
tween the group with preserved blood flow in 
the LAD and the group with the loss of blood 
flow in the LAD during SE showed that in the 
latter group, there was a higher percentage of 
patients from the exercise test group (37.5% vs 
9.4%; P = 0.002); moreover, they had lower rest 
force (median [IQR], 7.2 [5.1–9.3] mm Hg/ml 
vs 9.5 [6.8–12.5] mm Hg/ml; P = 0.01). (TABLE 4).

Nevertheless, in multivariate logistic analy‑
sis, in the model with the area under the curve of 
0.833 (P <0.001), exercise protocol of SE strongly 
predicted the loss of blood flow in the LAD (OR, 
7.89; P = 0.002), whereas increased force at rest 
was associated with a preserved blood flow in 
the LAD (TABLE 5).

DISCUSSION  The calculation of CFVR from SE 
allows to study the coronary circulation with 
the proven prognostic role in a wide range of pa‑
tients.15,16 On the other hand, the practicality of 
conventional, wall motion–focused SE for detect‑
ing high risk groups among those treated with 
current pharmacotherapy is dropping.17

Our study provides evidence for the high fea‑
sibility rates of LAD velocity recording in 4 prin‑
cipal tests of SE, probably representing the first 
such data for rapid cardiac pacing, in which CFVR 
was feasible in 100% of examined patients, al‑
though the group was small (22 patients). Our 
data also confirmed a very good feasibility of 
obtaining the blood flow in the LAD at rest and 
peak stress in both pharmacologic modalities 
of SE (dipyridamole and dobutamine). The val‑
ues achieved, 95%, higher than reported in mul‑
ticenter analyses, may be explained by the long
‑term experience of our center in different types 
of SE as well as in coronary morphology, flow, 
and CVFR assessment.18-21

According to Auriti et al,22 who assessed 
the  feasibility of coronary flow estimation 
in the posterior descending coronary artery 
(PDA; originating from the right coronary ar‑
tery) an important measure allowing improve‑
ment in feasibility is the assessment of coronary 
flow in at least 2 views. Such an approach was 
also implemented in our study to evaluate the 
blood flow in the LAD in the apical and modi‑
fied lower left parasternal view and, similar to 
the data reported by Rigo23 and Rigo et al,24 led 
to a feasibility exceeding 90%. Moreover, Auri‑
ti et al22 observed for PDA that velocities regis‑
tered in 2 different views did not differ signifi‑
cantly, and what is more, for CFVR assessment, 
the observer aims at a repetitive measurement 
of flow in the same coronary tract both at rest 
and at peak stress. The same authors maintained 

With regard to LAD peak velocity, the lowest 
median (IQR) of 46 (35–53) cm/s was observed in 
the rapid cardiac pacing group, as compared with 
the dobutamine group with 55 (45–67) cm/s and 
dipyridamole with 56 (52–60) cm/s (P = 0.002 
and P = 0.003, respectively). This was reflected 
by lower median (IQR) CFVR in the rapid cardiac 
pacing group, 1.7 (1.4–2.0) as compared with 2.1 
(1.7–2.5) in the dobutamine group, 2.1 (1.8–2.5) 
in the dipyridamole group, and 2.0 (1.7–2.3) in 
the exercise stress group (P <0.001 for dobuta‑
mine and dipyridamole and P = 0.03 for exercise 
stress comparison). This relation was generally 
maintained when the analysis was limited to pa‑
tients with negative SE (n = 315 tests with fea‑
sible CFVR) (TABLE 3). CFVR correlated with peak 
heart rate in exercise and rapid cardiac pacing 
groups. The correlation was weak in the dobuta‑
mine group, and no correlation was observed in 
the dipyridamole group (FIGURE 3).

FIGURE 2�  Feasibility of coronary flow velocity reserve in 4 stress echocardiography 
modalities; A – comparison of coronary flow velocity reserve feasibility assessment in 4 
stress echocardiography tests for all patients; B – comparison of coronary flow velocity 
reserve feasibility assessment in 4 stress echocardiography tests for patients with 
available resting spectrum in the left descending coronary artery 
Abbreviations: see FIGURE 1
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the assessment of the significance of coronary 
stenosis, and therefore should be more often re‑
placed by radiation‑free assessment of coronary 
pathophysiology. Some studies showed that only 
49% of cases of coronary stenosis of 50% or great‑
er as observed on computed tomography angi‑
ography correlated with invasive fractional flow 
reserve of less than 0.75 because of visual over‑
estimation of luminal stenosis, especially of le‑
sions with calcifications. That is why patients 
with suspected stenosis on computed tomogra‑
phy angiography should probably have the eval‑
uation supplemented with noninvasive CFVR 
quantification.26,27

The finding concerning the significant drop‑off in 
the feasibility of CFVR assessment during exercise 
testing, although intuitive, may prompt the poten‑
tial modification and standardization of a protocol 
for the assessment of blood flow in the LAD during 
exercise testing, for example, testing the possibili‑
ty, diagnostic value, and threshold of LAD flow reg‑
istered at early (or immediate) recovery.

Whereas the lowest median value of CFVR (me‑
dian [IQR], 1.7 [1.4–2.0]) was observed in the rap‑
id cardiac pacing group and reflected more severe 
coronary lesions, the slightly reduced CFVR value 
in the exercise group (median [IQR], 2.0 [1.8–2.3]) 
may be related to the fact that significantly less 

that a learning curve of about 100 examinations 
may be sufficient for effective visualization of 
coronary flow (in the LAD, grafts, and even in 
the PDA, although the last seems to be the most 
difficult) in a time less than 3 minutes to the first 
recording of a readable spectrum.

On the other hand, we achieved relatively low 
feasibility for exercise test (73% in our group vs 
81% reported by Zagatina and Zhuravskaya7), 
which may reflect hyperventilation and motion of 
patients during peak exercise. Nevertheless, sim‑
ilar to the mentioned study, we observed a rath‑
er low median (IQR) CFVR of 2.0 (1.7–2.3) as 
compared with mean (SD) value of 1.9 (0.8) in 
the study cited, which may be related to the dif‑
ficulty in recording the fastest achievable spec‑
trum. However, the feasibility reported as the per‑
centage of patients for whom the peak velocity 
was recorded among those with available blood 
flow in the LAD at rest exceeded 80% in the ex‑
ercise group (FIGURE 2).

Since the 2008 Stress Echocardiography Ex‑
pert Consensus Statement,25 CFVR of the LAD 
has been recommended as the parameter which 
increases sensitivity for CAD without losing spec‑
ificity. Despite its growing role, computed to‑
mography angiography performs best in exclud‑
ing CAD while having a still poorer impact on 

FIGURE 3�  Correlation between coronary flow velocity reserve and heart rate at the peak test in dobutamine (A), dipyridamole (B), exercise (C), and 
pacing (D) 
Abbreviations: see FIGURE 1 and TABLE 3
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to be related to the increased diameter of coro‑
naries in patients with a more hypertrophic heart. 
The imaging of coronaries and coronary flow was 
reported to be easier in patients with hypertro‑
phic cardiomyopathy.28

The positive correlation of CFVR values with 
peak heart rates was significant in all SE tests 
except dipyridamole, but showed moderate 
strength only in exercise and rapid cardiac pac‑
ing groups (FIGURE 3). This is consistent with the es‑
tablished underlying mechanism, since vasodi‑
lation with rapid cardiac pacing and exercise is 
secondary to the increase in myocardial demand 
largely due to the increased heart rate, while va‑
sodilation during dipyridamole testing is the re‑
sult of the primary effect of endogenous adenos‑
ine accumulation and is largely independent of 
heart rate increase.29,30

Literature search did not reveal any data on 
the CFVR in rapid cardiac pacing, and in our expe‑
rience, 100% feasibility reflects the facile record‑
ing of the blood flow in the LAD in this protocol 
in which the patients are not only immobile dur‑
ing the test but also free of the side effects of cat‑
echolaminergic response or dipyridamole‑related 
dyspnea. This value, however, must be interpret‑
ed with caution as the rapid cardiac pacing group 
was the smallest subset in our study since it was 
limited to those with implanted pacemakers.

Limitations  Our study presents feasibility data 
from a single center with a long-standing inter‑
est in the echocardiographic assessment of cor‑
onary flow in transthoracic echocardiography 
which may be important for extrapolation. Stud‑
ies were performed with equipment from a sin‑
gle manufacturer. The quality of Doppler imag‑
es varies considerably between echocardiogra‑
phy systems, but our results were obtained with 
high‑end machines.

Notably, within our study cohort, exercise and 
especially rapid cardiac pacing subgroups were 
small. All groups differed in terms of numbers of 
patients, mean age, and sex distribution, which 
warrants a cautious interpretation of the results, 
such as the 100% feasibility in rapid cardiac pac‑
ing. Moreover, in our study, there was a predomi‑
nance of women (69%), which might reflect an ob‑
served tendency to first refer women to nonin‑
vasive functional tests rather than invasive cor‑
onary angiography.

Despite analyzing 369 stress examinations in 
total, we were still limited by the small number of 
specific tests in subgroups. This especially ham‑
pered a more in‑depth analysis of positive and 
negative studies in subsequent modalities of SE. 
On the other hand, in recent years, a decreasing 
rate of positive stress examinations assessed vi‑
sually has also been observed in larger studies 
and seems to go beyond the field of echocardiog‑
raphy, and has also been reported in scintigraphy 
and perfusion analysis.31-33

Of note, we do not have coronary angiograph‑
ic data for most of our patients since the present 

patients (16%) achieved hear rate limit as com‑
pared with the dobutamine group (63%; P <0.01) 
and the rapid cardiac pacing group (60%; P = 
0.001) which could hamper the achievement of 
maximal blood flow in the LAD in this cohort.

The significant positive correlation of CFVR 
values with peak heart rates observed in exercise 
testing and rapid cardiac pacing testing is a crucial 
difference when compared with the more wide‑
ly applied dobutamine and dipyridamole testing, 
in which this correlation was far weaker or com‑
pletely absent.

The significant positive correlation between 
CFVR and heart rate may become clinically im‑
portant when assessing data of patients whose 
heart limits (calculated for stress test) or exer‑
cise capacity vary markedly and may indicate that 
these potential differences in the achieved maxi‑
mal LAD flow velocity needs to be accounted for. 
Based on these observations, we believe that in 
the future, the indexing of CFVR for heart rate for 
a particular test should be considered for easier 
and more informative assessment of CFVR values.

In the search for the predictors of the loss of 
blood flow in the LAD during SE, we found that 
in the univariable analysis, exercise SE and de‑
creased left ventricular force were related to dif‑
ficulties in LAD recording at peak stress. In mul‑
tivariable analysis, exercise SE was an indepen‑
dent predictor of the loss of blood flow in the 
LAD (OR, 7.89) and increased resting force (OR, 
0.8). Whereas the role of exercise in the hamper‑
ing of LAD recording seems to be obvious taking 
into account the vigorous motion of cycling pa‑
tients together with tachycardia and tachypnoea, 
the role of increased left ventricular force seems 

TABLE 4  Comparison of clinical and echocardiographic variables between patients 
with preserved left anterior descending coronary artery flow and loss of blood flow 
during stress echocardiography

Parameter LAD flow preserved 
(n = 341)

LAD flow lost 
(n = 16)

P value

Exercise protocol of SE, n (%) 32 (9.4) 6 (37.5) 0.002

Force at rest, mm Hg/ml 9.5 (6.8–12.5) 7.2 (5.1–9.3) 0.01

BMI, kg/m2 27.6 (24.9–30.9) 26.1 (22.1–28.8) 0.06

LAVI stressa, ml/m2 25 (20–31) 31 (21.3–40.8) 0.06

Data are presented as median (interquartile range) unless otherwise indicated.

a  LAVI was available in 262 patients with LAD flow preserved and in 11 with LAD loss

Abbreviations: LAVI, left atrial volume index; others, see TABLES 1, 2, and 3

TABLE 5  Multivariable logistic analysis for the predictors of the left anterior 
descending coronary artery flow loss during stress echocardiography

Parameter Odds ratio (95% CI) P value

Exercise protocol of SEa 7.89 (2.14–29.07) 0.002

Force at rest, mm Hg/ml 0.8 (0.67–0.96) 0.02

a  All other protocols served as the reference group. All protocols other than exercise 
did not show significant association with the loss of LAD flow.

Abbreviations: see TABLES 2 and 3
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guidelines discourage invasive testing for CAD af‑
ter achieving a negative SE test. Moreover, the an‑
atomic evaluation of a coronary lesion would still 
be insufficient to assess CFVR unless fractional 
flow reserve was performed.

Additionally, although feasible, safe, and prom‑
ising, Doppler assessment of coronary reserve is 
prone to many potential pitfalls, including the mis‑
interpretation of coronary arteries as diagonal or 
intermediate in place of the LAD or prolonged api‑
cal part of the LAD in place of the distal PDA as 
well as the misinterpretation of wall noise, epicar‑
dial space, atrioventricular, or right ventricular flow 
with coronary flow. Moreover, stenosis in epicardi‑
al coronary arteries cannot be differentiated from 
microvascular disease based on decreased CFVR.

Finally, the assessment was limited to the LAD 
only, without attempting to register flow in 
the right coronary artery or marginal branches.

Conclusions  CFVR in the LAD can be obtained 
with a high success rate in all protocols of SE, but 
feasibility is higher with rapid cardiac pacing and 
pharmacological tests (dobutamine, dipyridam‑
ole) as compared with exercise. The choice of ex‑
ercise protocol was related to the 8‑fold risk in‑
crease in the loss of blood flow in the LAD record‑
ed during peak stress.

The results of our study encourage a broader 
assessment of CFVR in various SE beyond vaso‑
dilators, providing evidence of the possible excel‑
lent feasibility in pacing as well as pharmacolog‑
ical tests and predictable lower feasibility in ex‑
ercise examinations. Our analysis also provided 
lacking pilot data on CFVR values in the paced 
group consistent with typical patients with pace‑
makers encountered in clinical practice.
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