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BACKGROUND: Functional assessment of myocardial bridging (MB) remains clinically challenging because of the dynamic na-
ture of the extravascular coronary compression with a certain degree of intraluminal coronary reduction. The aim of our study 
was to assess performance and diagnostic value of diastolic-fractional flow reserve (d-FFR) during dobutamine provocation 
versus conventional-FFR during adenosine provocation with exercise-induced myocardial ischemia as reference.

METHODS AND RESULTS: This prospective study includes 60 symptomatic patients (45 men, mean age 57±9 years) with MB 
on the left anterior descending artery and systolic compression ≥50% diameter stenosis. Patients were evaluated by exer-
cise stress-echocardiography test, and both conventional-FFR and d-FFR in the distal segment of left anterior descending 
artery during intravenous infusion of adenosine (140 μg/kg per minute) and dobutamine (10–50 μg/kg per minute), separately. 
Exercise–stress-echocardiography test was positive for myocardial ischemia in 19/60 patients (32%). Conventional-FFR dur-
ing adenosine and peak dobutamine had similar values (0.84±0.04 versus 0.84±0.06, P=0.852), but d-FFR during peak 
dobutamine was significantly lower than d-FFR during adenosine (0.76±0.08 versus 0.79±0.08, P=0.018). Diastolic-FFR dur-
ing peak dobutamine was significantly lower in the exercise-stress-echocardiography test –positive group compared with the 
exercise- stress-echocardiography test –negative group (0.70±0.07 versus 0.79±0.06, P<0.001), but not during adenosine 
(0.79±0.07 versus 0.78±0.09, P=0.613). Among physiological indices, d-FFR during peak dobutamine was the only independ-
ent predictor of functionally significant MB (odds ratio, 0.870; 95% CI, 0.767–0.986, P=0.03). Receiver-operating character-
istics curve analysis identifies the optimal d-FFR during peak dobutamine cut-off ≤0.76 (area under curve, 0.927; 95% CI, 
0.833–1.000; P<0.001) with a sensitivity, specificity, and positive and negative predictive value of 95%, 95%, 90%, and 98%, 
respectively, for identifying MB associated with stress-induced ischemia.

CONCLUSIONS: Diastolic-FFR, but not conventional-FFR, during inotropic stimulation with high-dose dobutamine, in com-
parison to vasodilatation with adenosine, provides more reliable functional significance of MB in relation to stress-induced 
myocardial ischemia.
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Myocardial bridging (MB) is dynamic stenosis 
characterized by systolic compression of the in-
tramyocardial arterial segment (“milking effect”) 

with delayed early diastolic artery relaxation leading 
to more or less reduction of vessel luminal diameter 
in diastole.1–6 This coronary anomaly is commonly 
considered a benign anatomic variation, but when 
located in the left anterior descending (LAD) artery it 
may cause myocardial ischemia, acute coronary syn-
drome, life-threatening ventricular arrhythmias, systolic 
dysfunction of the left ventricle, or even sudden car-
diac death.7–10 Thus, the occurrence of severe cardiac 
events has raised the issue on the most appropriate 
diagnostic test/s that could identify functionally signifi-
cant MB. Still, there is no established standard for the 
functional evaluation of MB, and a number of diagnos-
tic modalities have been proposed.1,11–15

Although conventional fractional flow reserve (FFR) 
obtained during adenosine-induced maximal hyper-
emia is the “gold” standard for the functional assess-
ment of fixed coronary stenosis, the role of FFR in 
evaluation of MB remains challenging.11,12,14,15 In fact, 
several authors have suggested that adequate inva-
sive hemodynamic assessment of MB should include 
inotropic stimulation with dobutamine because of its 
dynamic nature that depends on a degree of extravas-
cular coronary compression.1,11,12 Furthermore, a study 
by Escaned et al showed that the functional assess-
ment of MB should include diastolic-FFR (d-FFR) mea-
surement during dobutamine provocation because 
decrease and negativization of systolic pressure gra-
dient across the MB during inotropic stimulation leads 
to a paradoxical increase in conventional-FFR values.12 
Based on a previous study, a d-FFR ≤0.76 obtained 
during dobutamine infusion was used for the hemo-
dynamic significance of MB, but this cut-off value has 
not been validated in the context of objective signs of 
myocardial ischemia as induced by physiologic exer-
cise. Additionally, there are no studies correlating both 
conventional-FFR and d-FFR using adenosine and 
dobutamine infusion with objective signs of myocar-
dial ischemia during physiological exercise stress in 
patients with isolated-MB. Therefore, the aim of our 
study was to assess performance and diagnostic 
value of d-FFR during dobutamine provocation versus 
conventional-FFR during adenosine provocation with 
exercise-induced myocardial ischemia as reference.

METHODS
All data and supporting materials have been provided 
with the published article.

Study Population
This prospective, single-center study included 60 
symptomatic patients (45 male [75%], mean age 
57±9 years, range, 36–77 years) scheduled for coro-
nary angiography. To be eligible for the study, each 

CLINICAL PERSPECTIVE

What Is New?
•	 Diastolic fractional flow reserve during ino-

tropic stimulation with high-dose dobutamine, 
in comparison to vasodilatation with adenosine, 
provides more reliable functional significance 
of myocardial bridging in relation to exercise 
stress-induced myocardial ischemia.

•	 The cut-off value of ≤0.76 for diastolic frac-
tional flow reserve during dobutamine provoca-
tion has the best sensitivity and specificity for 
identifying myocardial bridging associated with 
stress-induced myocardial ischemia.

What Are the Clinical Implications?
•	 Diastolic fractional flow reserve using dobu-

tamine provocation appears to be a useful index 
in detecting functionally significant myocardial 
bridging and may play an important role as a 
guide to therapeutic approach.

•	 Further studies are needed to determine the 
prognostic value of diastolic fractional flow re-
serve during dobutamine provocation in patients 
with myocardial bridging managed without re-
vascularization, with respect to the rate of major 
adverse cardiac events in long-term follow-up.

•	 Further studies are needed for the validation of 
other more accessible and routinely performed 
diastole-specific indices against diastolic fractional 
flow reserve during dobutamine provocation for 
the functional assessment of myocardial bridging.

Nonstandard Abbreviations and Acronyms

d-Pa	 mean aortic blood pressure obtained 
duringdiastole

d-Pd	 mean distal intracoronary pressure 
obtained during diastole

d-FFR	 diastolic fractional flow reserve
DS	 diameter stenosis
FFR	 fractional flow reserve
HR	 heart rate;
MB	 myocardial bridging
MLD	 minimal luminal diameter
Pa	 mean aortic blood pressure obtained 

during the whole cardiac cycle
Pd	 mean distal intracoronary pressure 

obtained during the whole cardiac cycle;
SE	 stress-echocardiography test
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patient was required to have chest pain (typical or 
atypical), and angiographically significant isolated-
MB on the LAD defined as systolic compression of 
intramyocardial arterial segment ≥50% diameter ste-
nosis (DS) after intracoronary administration of 200 µg 
of nitroglycerin, as measured by quantitative coronary 
angiography. Key exclusion criteria included (1) pa-
tients aged ≤18  years old; (2) asymptomatic patients 
with MB; (3) angiographically nonsignificant systolic 
compression at MB-site; (4) presence of fixed steno-
sis/es ≥50% DS in the LAD or other coronary arteries; 
(5) any previous myocardial infarction; (6) any previous 
percutaneous coronary intervention; and (7) previous 
aortocoronary bypass grafting surgery. Full inclusion 
and exclusion criteria are presented in Table S1.

Study Protocol
Standard 2-dimensional echocardiography, treadmill-
exercise stress-echocardiography (SE) test, and 
coronary angiography with invasive functional evalua-
tion of MB were performed in all patients. The latter 
was performed after all noninvasive tests were done. 
Antianginal drugs including beta-blockers, calcium-
channel blockers, long-acting nitrates, trimetazidine 
and ranolazine, as well as xanthine-containing foods or 
beverages (coffee, tea, sugar drinks, sweets, choco-
late, and fruits) were discontinued 24 to 48 hours before 
the examinations. The study protocol was presented 
and approved by the Ethical Committees of Clinical 
Center of Serbia and Faculty of Medicine University 
of Belgrade (Belgrade, Serbia). Informed consent was 
obtained from all patients.

Exercise Stress-Echocardiography
After standard 2-dimensional echocardiographic ex-
amination, all patients underwent treadmill exercise-SE 
according to maximal Bruce protocol, as previously 
described.16,17 Echocardiographic studies were per-
formed with a digital ultrasound system (Acuson 
Sequoia C256; Siemens Medical Solutions USA, Inc, 
Mountain View, CA), with a 3V2C multifrequency trans-
ducer using second-harmonic technology. Briefly, all 
standard echocardiographic views were obtained with 
patients in the left lateral decubitus position before and 
immediately after exercise. Echocardiographic images 
were interpreted and analyzed by a senior echocar-
diographer blinded for patients’ clinical, angiographic, 
and functional status. For the purpose of this analysis, 
left ventricle walls were divided into the 17-segment 
model and segmental wall motion was graded as fol-
lows: 1=normal, 2=hypokinetic, 3=akinetic, and 4=dys-
kinetic.18 Exercise-SE test was considered positive for 
myocardial ischemia when new wall-motion abnor-
malities were observed in at least 2 adjacent left ven-
tricle segments in the LAD territory. Only SE-findings 

of new wall-motion abnormalities were considered as 
objective evidence of myocardial ischemia. Neither the 
presence of angina, nor the presence of ECG changes 
during exercise-SE were considered as positive mark-
ers of myocardial ischemia, because of its limited sen-
sitivity and specificity.

Invasive Coronary Angiography and 
Evaluation of Conventional-FFR
Invasive coronary angiography was performed in all 
patients with the femoral or radial artery approach 
using standard Judkins technique with 6-Fr cath-
eters. After intracoronary administration of 200 µg of 
nitroglycerin, the baseline coronary angiogram was 
acquired in multiple projections, and 2 views of LAD 
showing the best visualization of MB were chosen for 
further angiographic analysis. After intravenous ad-
ministration of 70 IU/kg of unfractioned heparin, a 6-Fr 
Judkins left (JL) or extra backup (EBU) guiding catheter 
without side holes was engaged in the left coronary 
ostium. A pressure–temperature sensor-tipped 0.014-
in guidewire (PressureWire Certus, St. Jude Medical, 
St. Paul, MN), previously flushed and calibrated to 
zero pressure, was advanced to the tip of the guid-
ing catheter where an equalization was performed to 
ensure identical pressures by the guiding catheter and 
pressure guidewire. The pressure guidewire was then 
passed across the MB and positioned into the distal 
segment of LAD with the sensor located ≈3 cm below 
the bridged segment. Mean aortic blood pressure (Pa) 
and mean intracoronary blood pressure distal to MB 
(Pd, distal intracoronary pressure) were simultaneously 
measured with the guiding catheter and the pressure 
guidewire, respectively, at basal conditions and during 
sustained hyperemia achieved by intravenous infusion 
of adenosine at a dose of 140 µg/kg per minute for at 
least 1 minute (Figure S1). Conventional-FFR was cal-
culated as the ratio of mean distal intracoronary pres-
sure to mean aortic blood pressure (Pd/Pa) obtained 
during the whole cardiac cycle, and pressure gradient 
(ΔP) across the MB was calculated as the maximal dif-
ference between Pa and Pd (Pa−Pd).19 At the end of 
the procedure, the guidewire was pulled back to the 
tip of the guiding catheter, and the presence of pres-
sure drift was assessed. When a drift of ±0.02 was 
observed, the measurements were repeated.

Fifteen minutes after the evaluation of conventional-
FFR during adenosine, all measurements were 
repeated during dobutamine infusion, starting at a dos-
age of 10 µg/kg per minute, and increasing by 10 µg/
kg per minute every 3 minutes, to the maximal dosage 
of 50 µg/kg per minute (Figure S2). The primary goal of 
dobutamine provocation was to achieve an increase in 
heart rate (HR) of at least 85% of the maximum age-
predicted HR. If not, dobutamine infusion was also 
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considered hemodynamically adequate if increase in 
HR was at least 50 beats per minute (bpm) from base-
line-HR (delta-HR).20 In case of inadequate increase in 
HR, and in the absence of ischemia or other side ef-
fects, a bolus of atropine 0.5 mg was injected during 
the last minute of the test and repeated up to a max-
imal dose of 2.0  mg if necessary. At the end of the 
procedure, and after intravenous administration of me-
toprolol (2.5–5.0 mg over 1–2 minutes), the presence 
of pressure drift was assessed in the same manner as 
described previously.

HR, blood pressure, and 12-lead ECG were mon-
itored continuously and recorded under basal condi-
tions, during adenosine and each dose of dobutamine 
infusion, separately. Rate–pressure product was cal-
culated as HR multiplied by systolic blood pressure 
(bpm×mm Hg).

Postprocessing of Acquired Physiologic 
Data and Evaluation of Diastolic-FFR
The raw data of the pressure tracings from which 
conventional-FFR was calculated were automatically 
stored on RadiAnalyzer Xpress (St. Jude Medical, St. 
Paul, MN), and transferred to the RadiView software 
package (RadiView 2.2), previously installed on a per-
sonal computer. Raw data were then exported from 
the RadiView 2.2 to a Microsoft Office Excel database 
for further off-line analysis by a senior investigator, who 
was blinded to the patient’s clinical status. Mean dias-
tolic-Pa (d-Pa) and mean diastolic-Pd (d-Pd) were cal-
culated using diastolic components of pressure values 
(Pa and Pd), starting from the dicrotic notch until the 
end of diastole on aortic pressure waveform (Figure 1, 
Figure S3). All measurements represented an average 
of 3 consecutive cardiac cycles. Diastolic-FFR was cal-
culated as the ratio of mean distal intracoronary pres-
sure to mean aortic blood pressure obtained during 
diastole (mean diastolic-Pd/mean diastolic-Pa), after 
intravenous infusions of adenosine and each dose of 
dobutamine. Diastolic-ΔP across the MB was calcu-
lated as the maximal difference between diastolic-Pa 
and diastolic-Pd, while systolic-ΔP was calculated 
as the maximal difference between systolic-Pa and 
systolic-Pd.12,21,22

Quantitative Coronary Angiography
We performed a detailed frame-by-frame quantitative 
coronary angiography analysis of the interpolated ref-
erence diameter, minimal luminal diameter (MLD), and 
percent DS, at the most severe site of MB, at end-
systole (peak of T wave), and end-diastole (beginning of 
QRS complex).5 All angiographic images were obtained 
at least 1  minute after intracoronary administration of 
200  µg of nitroglycerin, and analyzed in exactly the 
same views and with the same positioning of the cursor 

under both phases of the cardiac cycle. The images 
were analyzed off-line by a dedicated system for quan-
titative coronary angiography (Siemens Quantcor QCA), 
and by a senior investigator blinded to the patients’ clini-
cal, functional, and echocardiographic status.

Statistical Analysis
All data were entered into a database and then pro-
cessed in the statistical program IBM SPSS Statistics 
for Windows, version 26.0 (IBM Corporation, Armonk, 
NY). Categorical variables are reported as count with 
percentages, and compared using a χ2 or Fischer 
exact test, depending on group sizes. Normal dis-
tribution of continuous variables was confirmed by 
both Kolmogorov–Smirnov and Levene tests, and 
expressed as mean±SD. Continuous variables were 
compared with Student t test (paired or unpaired) and 
1-way ANOVA followed by the post hoc Tukey HSD test, 
as appropriate. Relation between continuous variables 
was estimated using Pearson correlation coefficient 
and additionally modeled with linear regression analy-
sis. Differences in hemodynamic parameters between 
baseline, during adenosine and peak dobutamine 
infusion were analyzed using ANOVA for repeated 
measures with Sidak correction for multiple pairwise 
comparison. Additionally, differences in hemodynamic 
parameters between baseline and each dose of dob-
utamine infusion were analyzed using linear mixed 
model, which was set by unstructured covariance ma-
trix and subjects as random effect, and using Sidak 
for multiple comparison P value adjustment. Variables 
were tested for their ability to predict stress-induced 

Figure 1.  Schematic chart of conventional-FFR and 
diastolic-FFR measurements.
The onset of diastole was defined from the nadir of dicrotic notch 
on the aortic pressure signal (Pa), while the end of diastole was 
defined as the point of the lowest pressure just before the Pa 
upstroke. d-Pa indicates aortic blood pressure waveform during 
diastole; d-Pd, distal intracoronary pressure waveform during 
diastole; FFR, fractional flow reserve; Pa (red line), aortic blood 
pressure waveform during the whole cardiac cycle; and Pd 
(green line), distal intracoronary pressure waveform during the 
whole cardiac cycle.
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myocardial ischemia in univariate binary logistic re-
gression analyses. Univariate predictors with a value 
of P<0.05 were considered for inclusion in multivari-
ate regression models using backward method to 
determine correlates independently associated with 
stress-induced ischemia in patients with MB. Receiver 
operating characteristics curves with the 95% CI were 
used to estimate diagnostic accuracy, while the high-
est Youden’s index (sensitivity+specificity−1) was used 
to assess the best cut-off values of conventional-FFR 
and d-FFR during adenosine and peak dobutamine in-
fusion, for discrimination of patients with MB with and 
without stress-induced myocardial ischemia. Cohen’s 
kappa coefficient was used for assessing the agree-
ment between dichotomous variables, while measure-
ment error of continuous variables and 95% limits of 
agreement were assessed by Bland–Altman analysis. 
A 2-sided value of P<0.05 was considered statistically 
significant.

RESULTS
In all patients, isolated-MB was located in the me-
dial segment of LAD with mean systolic arterial 
compression of 64±10% DS (range, 51%–95% 
DS). Exercise-SE was positive for myocardial is-
chemia in 19/60 patients (32%). In all patients with 
stress-induced ischemia, wall-motion abnormali-
ties occurred in medial and distal segments of an-
terior septum. Ischemic ST depression ≥1.0  mm 
during exercise was found in 7 of 19 patients with 
stress-induced ischemia, and 1 of 41 patients 

without stress-induced ischemia (36.8% versus 
2.4%, P=0.001). Chest discomfort during exercise 
was present in 7 of 19 patients with stress-induced 
ischemia and 9 of 41 patients without stress-induced 
ischemia (36.8% versus 22%, P=0.225).

Demographic, clinical, and angiographic charac-
teristics of patients with MB in relation to exercise-SE 
results and presence of myocardial ischemia are pre-
sented in Table  1. There were no significant differ-
ences in observed demographic and clinical variables 
between the SE-positive and SE-negative group.

At the end-systole, percent DS was significantly 
higher, and MLD significantly lower in comparison to 
correspondent values at end-diastole (64±10% versus 
31±9%, P<0.001; 0.93±0.32 versus 1.81±0.40  mm, 
P<0.001, respectively). At end-diastole, percent DS 
was significantly higher, and MLD significantly lower in 
the SE-positive in comparison to the SE-negative group 
(38±7% versus 27±7%, P<0.001; 1.54±0.32 versus 
1.95±0.37 mm, P<0.001, respectively), but not at end-
systole (66±13% versus 62±9%, P=0.118; 0.82±0.32 
versus 0.98±0.32 mm, P=0.07, respectively).

Feasibility and Safety of Invasive 
Functional Testing During Adenosine and 
Dobutamine Infusion
Invasive functional testing with adenosine provoca-
tion was not performed in 4 patients (performance 
56/60=93%) because of chronic obstructive pulmo-
nary disease, whereas all patients (60/60=100%) un-
derwent dobutamine testing, and HR ≥85% of the 

Table 1.  Demographic, Clinical, and Angiographic Characteristics of the Whole Study Group and in Patients With and 
Without Stress-Induced Wall Motion Abnormalities in the LAD Territory

Variable All (n=60) SE − (n=41) SE + (n=19) P Value

Age±SD, y 57±9 56±8 59±10 0.167

Sex, men (%) 45 (75) 30 (73) 15 (79) 0.755

BMI±SD, kg/m2 27.7±4.4 27.4±3.4 28.5±5.8 0.382

Hypertension, n (%) 51 (85) 37 (90) 14 (74) 0.126

Diabetes mellitus, n (%) 8 (13) 6 (15) 2 (10.5) 0.716

Smoking, n (%) 29 (48) 18 (44) 11 (58) 0.313

Hyperlipidemia, n (%) 48 (80) 34 (83) 14 (74) 0.493

Family history, n (%) 33 (55) 24 (58.5) 9 (47) 0.419

LVEF±SD, % 65±8 65±8 63±7 0.287

RD (end-systole) ±SD, mm 2.58±0.40 2.64±0.40 2.44±0.35 0.068

RD (end-diastole) ±SD, mm 2.62±0.40 2.67±0.40 2.49±0.38 0.106

MLD (end-systole) ±SD, mm 0.93±0.32 0.98±0.32 0.82±0.32 0.07

MLD (end-diastole) ±SD, mm 1.81±0.40* 1.95±0.37* 1.54±0.32* <0.001

DS (end-systole) ±SD, % 64±10 62±9 66±13 0.118

DS (end-diastole) ±SD, % 31±9* 27±7* 38±7* <0.001

Data are expressed as mean±SD or as number (%). BMI indicates body-mass index; DS, diameter stenosis; LAD, left anterior descending artery; LVEF, left 
ventricle ejection fraction; MB, myocardial bridging; MLD, minimal luminal diameter; RD, reference diameter; SE−, group of patients with MB without stress-
induced ischemia; and SE+, group of patients with MB with stress-induced ischemia.

*P<0.05 vs end-systole.
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maximum age-predicted HR was achieved in 92% 
(55/60) of them. In 5 patients (8%), HR ≥85% of the 
maximum age-predicted HR was not achieved be-
cause of the occurrence of ischemic ECG changes 
and chest pain, requiring early discontinuation of the 
test. However, HR during peak dobutamine dose 
was increased ≥50 bpm from baseline-HR in all pa-
tients, including those with ischemic ECG changes 
during dobutamine provocation (mean delta-HR: 
66±12 bpm, range, 50–92 bpm).

No major complications occurred. One patient 
presented with a transient complete atrioventricu-
lar block during adenosine infusion, and 2 patients 
presented with ventricular bigeminy during dobuta-
mine infusion. Full patient recovery was achieved 
after discontinuation of dobutamine and con-
comitant intravenous administration of metoprolol 
(2.5–5.0 mg).

Comparative Analysis of Coronary 
Physiological Parameters During 
Adenosine and Dobutamine Infusion
All systemic and coronary parameters are presented 
in Table 2. Regarding dobutamine infusion, smaller 
changes of coronary hemodynamic changes 
were observed with dobutamine dose >30  mg/kg 
per minute, despite further significant increase in 
HR and rate–pressure product. However, d-FFR 
during peak dobutamine dose was significantly 
lower in comparison to d-FFR during adenosine 
(0.76±0.07 versus 0.79±0.08, P=0.018), but not for 
conventional-FFR (0.84±0.06 versus 0.84±0.04, 
P=0.852) (Figure S4).

There was a significant correlation between 
conventional-FFRs, as well as between diastolic-FFRs 
obtained during adenosine and peak dobutamine in-
fusion (r=0.370, P=0.005;r=0.545, P<0.001, respec-
tively) (Figure  2A and 2B). However, Bland–Altman 
scatterplots demonstrate better agreement between 
conventional-FFR measured by either adenosine or 
dobutamine, in comparison to d-FFR values (Figure 2C 
and 2D). Using paired samples t test, a significant dif-
ference was observed between d-FFR values using 
both tests (0.0240±0.0727, P=0.018), but not between 
conventional-FFR values (−0.0021±0.0575, P=0.781), 
meaning on a clinical level that if conventional-FFR is 
used, it is irrelevant which provocation test is used. On 
the contrary, in case d-FFR has been evaluated, it be-
comes important which diagnostic test is utilized for 
the functional assessment of MB.

In addition, only d-FFR at peak dobutamine dose 
had a significant correlation with percent DS and MLD 
at end-diastole (r=−0.370, P=0.004; r=0.362, P=0.005, 
respectively), but not at end-systole (r=−0.087, P=0.513; 
r=0.163, P=0.218, respectively).

Comparison of Conventional-FFR and 
Diastolic-FFR During Adenosine and 
Dobutamine Infusion in Relation to 
Stress-Induced Myocardial Ischemia
Conventional-FFR during adenosine and peak dobu-
tamine infusion did not differ significantly in relation 
to SE results (FFR-adenosine: 0.84±0.04 versus 
0.83±0.06, P=0.396; FFR-maximal [peak] dobu-
tamine dose: 0.84±0.04 versus 0.83±0.08, P=0.584, 
respectively) (Figure  3A). Diastolic-FFR during peak 
dobutamine was significantly lower in SE-positive 
compared with the SE-negative group (0.70±0.05 
versus 0.79±0.06, P<0.001), but not during adenosine 
(0.78±0.09 versus 0.79±0.07, P=0.613) (Figure 3B). In 
both groups of patients, both conventional-FFR and 
d-FFR significantly and gradually decreased dur-
ing dobutamine infusion, but in patients with stress-
induced myocardial ischemia, obvious and significant 
decrease in d-FFR is observed with higher dobutamine 
dose exceeding 20 µg/kg per minute (Figure 3C and 
3D). Coronary physiological parameters during both 
adenosine and dobutamine infusions in patients with 
and without myocardial ischemia are presented in 
Table S2.

Specific Hemodynamic Patterns in 
Patients With MB
Two local hemodynamic features specific to MB, so-
called “overshooting” and “sucking” effects, occurred 
in a number of patients during dobutamine provoca-
tion (Figure 4). The “overshooting” effect existed when 
systolic-ΔP reached negative value, meaning that 
the average intracoronary pressure distal to the MB 
overshooted the average aortic blood pressure dur-
ing systole.4,12 This effect appeared in 9 patients dur-
ing dobutamine (mean: −9±6 mm Hg, range, from −1 
to −16  mm  Hg), but not during adenosine infusion. 
Seventeen more patients had a lower systolic-ΔP at 
peak dobutamine dose in comparison to its baseline 
value (5±2 versus 8±2 mm Hg, P=0.001), but without 
“overshooting” effect.

Conventional-FFR at peak dobutamine dose was 
significantly higher in the group of patients with “over-
shooting” effect in comparison to the group of pa-
tients without this effect (0.91±0.07 versus 0.82±0.05, 
P=0.006), but not for d-FFR (0.76±0.08 versus 
0.77±0.06, P=0.722) (Table  S3). Figure  5 shows that 
decrease and negativization of the systolic-ΔP across 
the MB during dobutamine infusion leads to a signifi-
cant increase in conventional-FFR values, which may 
be even >1.0 (FFR-paradox).

The “sucking” effect, defined as an abrupt pressure 
drop of Pd at the beginning of diastole,23 appeared in 
48 patients (80%) during peak dobutamine, and in only 
9 patients (16%) during adenosine infusion (Figure 4). 
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There were no differences between conventional-FFR 
and d-FFR during both tests in relation to the presence 
of “sucking” effect (Table S3).

Moreover, both “overshooting” and “sucking” ef-
fects after peak dobutamine infusion had no influence 
on the occurrence of stress-induced myocardial isch-
emia (Table S4).

Diagnostic Value of All Invasive 
Physiological Indices With Stress-Induced 
Myocardial Ischemia as the Reference 
Standard
Two separate multivariate logistic regression analyses 
(backward method) were performed for all significant 
univariate predictors: one with invasive physiological in-
dices obtained during adenosine, and the other with 

invasive indices obtained during peak dobutamine infu-
sion (Model 1, Table 3). In this manner, percent DS MB at 
end-diastole and d-FFR during dobutamine provocation 
were the only independent predictors of stress-induced 
myocardial ischemia in patients with MB. The same re-
sult was obtained when all significant predictors were 
placed together in multivariate regression analysis (Model 
2, Table 3). The value of MLD MB at end-diastole was 
not taken into account in multivariate analyses because 
of high correlation and multicollinearity with the value of 
percent DS MB at end diastole (r=−0.728, P<0.001). The 
same principle was applied in Model 2 to both d-FFR 
with adenosine and conventional-FFR with dobutamine 
because of high correlation and multicollinearity with the 
value of both conventional-FFR with adenosine and d-FFR 
with dobutamine (conventional-FFR adenosine versus 
d-FFR adenosine: r=0.855, P<0.001; conventional-FFR 

Figure 2.  Comparative analysis of invasive physiological indices during adenosine and dobutamine infusions.
Correlations between conventionalfractional flow reserves (FFRs) (A) and diastolic-FFRs (B) obtained by adenosine (ADO) and peak 
dobutamine infusion (DOBmax). The Bland-Altman scatterplots demonstrate good agreement between conventional-FFR obtained by 
ADO and DOBmax against their mean (C), but not between diastolic-FFR using both methods (D). Dotted lines represent boundaries 
of mean±1.96 SD. d-FFR indicates diastolic fractional flow reserve.

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 9, 2021



J Am Heart Assoc. 2021;10:e020597. DOI: 10.1161/JAHA.120.020597� 9

Aleksandric et al� Myocardial Bridging Invasive Functional Assessment

maximal [peak] dobutamine dose versus d-FFR maximal 
[peak] dobutamine dose: r=0.665, P<0.001, respectively).

Receiver operating characteristics curves anal-
yses identified d-FFR obtained during high-dose 
dobutamine infusion as the best diagnostic test for 
discrimination of patients with MB with and without 
stress-induced myocardial ischemia (Figure  6). The 
optimal d-FFR cut-off value at peak dobutamine dose 
for detection of patients with MB with stress-induced 
ischemia was ≤0.76, with a sensitivity and specificity 
of 95%, positive predictive value of 90%, and negative 
predictive value of 98% (area under curve 0.927; 95% 
CI, 0.833–1.000; P<0.001). The overall diagnostic value 
of the test was 95%. The classification agreement be-
tween dichotomized values of 2 categorical variables 
(d-FFR maximal [peak] dobutamine dose: 0=>0.76; 
1=≤0.76; SE results: 0=without stress-induced isch-
emia, 1=with stress-induced ischemia) was high (κ 
value=0.886, P<0.001).

DISCUSSION
The main finding of this study is that d-FFR during in-
otropic stimulation with high doses of dobutamine, in 
comparison to vasodilation with adenosine, provides 
a more reliable assessment of functional significance 
of MB correspondent to stress-induced myocardial 
ischemia. The optimal cut-off of ≤0.76 for d-FFR at 
peak dobutamine dose has the best sensitivity, spec-
ificity, and positive and negative predictive value for 
discriminating the MB in relation to exercise stress-
induced myocardial ischemia. In addition, our study 
confirmed previous findings by Escaned et al that MB 
predominantly affects diastolic hemodynamics and 
the value of d-FFR over conventional-FFR, because 
of development of significant diastolic-ΔP across the 
MB, even after low-dose dobutamine provocation.12 
They also emphasized the role of a specific coronary 
hemodynamic pattern in patients with MB, including 

Figure 3.  Conventional-FFR and diastolic-FFR changes during both adenosine and dobutamine provocation in relations to 
stress-echocardiography (SE) results.
A, Conventional-FFR, and (B) diastolic-FFR during both adenosine (ADO) and peak dobutamine infusion (DOBmax) in relation to SE 
results. C, Conventional-FFR and (D) diastolic-FFR during dobutamine infusion (10–50 µg/kg/min) in relation to SE results. Dotted 
lines in all figures represent the ischemic tresholds for conventional-FFR (0.80) and diastolic-FFR (0.76). BL indicates basal conditions, 
before dobutamine infusion; DOB, dobutamine; DOB 10, 10 µg/kg/min of DOB; DOB 20, 20 µg/kg/min of DOB; DOB 30, 30 µg/kg/min 
of DOB; DOB 40/50/ATR, 40 or 50 µg/kg/min of DOB, or atropine; FFR, fractional flow reserve; SE−, group of patients without stress-
induced ischemia; and SE+, group of patients with stress-induced ischemia. *P<0.05 vs BL; †P<0.05 vs preceding value; ‡P<0.05 vs 
SE− group.
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Figure 4.  Example of MB invasive functional assessment with schematic graphics.
Coronary angiography revealed MB in the medial segment of left anterior descending (LAD) artery with systolic compression 
(A) and diastolic decompression (B) of intramyocardial segment (“milking effect”). Conventional-FFR and diastolic-FFR (d-FFR) 
measurements during adenosine (C and D), and peak dobutamine infusion (E and F). d-Pa indicates aortic blood pressure waveform 
during diastole; d-Pd, distal intracoronary pressure waveform during diastole; FFR, fractional flow reserve; MB, myocardial bridging; 
Pa (red line), aortic blood pressure waveform during the whole cardiac cycle; and Pd (green line), distal intracoronary pressure 
waveform during the whole cardiac cycle.
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both “overshooting” and “sucking” effects, on the in-
terpretation of conventional-FFR and d-FFR tracings 
and values (ie, the study indicated that the decrease 
or negativization of the systolic-ΔP across the MB dur-
ing dobutamine provocation was a major determinant 
of the discrepancies between conventional-FFR and 
d-FFR).12 These discrepancies could be explained by 
the fact that, during inotropic stimulation, MB pro-
duces an increase of diastolic-ΔP but artificially neg-
ative systolic-ΔP secondary to distal intracoronary 
pressure overshooting.12,15 The latter phenomenon 
may lead to an artificial increase in conventional-FFR 
values (as shown in Figure 4), which is the ratio be-
tween average Pd and Pa. This is the main reason 
for the inability of conventional-FFR to identify pa-
tients with functionally significant MB according to 
ischemic threshold ≤0.80. Furthermore, by utilizing 
higher doses of both dobutamine and adenosine, 
our study demonstrated in a large number of patients 
that both “overshooting” and “sucking” effects had 
no effects on the occurrence of stress-induced myo-
cardial ischemia, but only pressure gradient during 
the diastolic phase of cardiac cycle as translated into 
the value of d-FFR. Therefore, d-FFR has an advan-
tage over conventional-FFR because of the exclusion 
of the systolic phase of the cardiac cycle and the 

elimination of the systolic gradient influence on the 
overall pressure measurements.

Interestingly, the same cut-off point of 0.76 for d-
FFR has been suggested earlier by Abe et al for the 
functional evaluation of fixed coronary stenosis.24 In 
that study, d-FFR during adenosine with ischemic 
threshold of ≤0.76 had a higher sensitivity and the 
same specificity for detecting fixed stenoses with in-
ducible ischemia in comparison to conventional-FFR 
(96% versus 83%; 100% versus 100%, respectively). 
This implies that myocardial ischemia is a unique phe-
nomenon, but with different pathophysiological mech-
anisms in different pathoanatomical coronary entities 
(fixed stenosis versus MB). Higher diagnostic signifi-
cance of d-FFR during both tests is because coronary 
blood flow occurs mainly during the diastolic phase of 
the cardiac cycle (80%–85%), and is mainly dependent 
on diastolic driving pressure.

However, d-FFR calculation is complex, time-
consuming, and not routinely performed in most 
cardiac laboratories, and these disadvantages might 
be overcome by another diastole-specific index—
instantaneous wave-free ratio (iFR), which has also 
been shown to be superior to conventional-FFR in 
MB hemodynamic assessment, according to a study 
by Tarantini et al.15 This study also showed that iFR 

Figure 5.  Influence of systolic pressure gradient (A, C, and E), and diastolic pressure gradient (B, D, and F) across the 
myocardial bridging (MB) on the discrepancy between conventional-fractional flow reserve (FFR) and diastolic-FFR (d-FFR) 
measurements after adenosine and peak dobutamine infusion, expressed as the conventional-FFR/d-FFR ratio.
Diastolic pressure gradient had a significant direct influence on the discrepancy in all conditions, meaning that its increase leads 
to a significant decrease in d-FFR values. Systolic pressure gradient had a significant inverse influence on the discrepancy only at 
peak dobutamine dose, meaning that its decrease or negativization during dobutamine provocation leads to a significant increase in 
conventional-FFR values, reaching maximal in patients with negative systolic pressure gradient across the MB.D

ow
nloaded from

 http://ahajournals.org by on Septem
ber 9, 2021



J Am Heart Assoc. 2021;10:e020597. DOI: 10.1161/JAHA.120.020597� 12

Aleksandric et al� Myocardial Bridging Invasive Functional Assessment

obtained during dobutamine provocation had even 
higher consistency with angina and/or positive non-
invasive tests in comparison to iFR at rest.15 These 
findings might be explained by the fact that the 
iFR, similar to d-FFR, is not hampered by decrease 
or negativization of the systolic-ΔP across the MB, 
which appears during dobutamine infusion.15 Still, 
ischemic cut-off values of iFR at rest and during 
dobutamine provocation in patients with MB are yet 
to be defined. Our study clearly demonstrated that 
a cut-off value ≤0.76 for d-FFR during dobutamine 
provocation has the highest diagnostic accuracy for 
identifying patients with functionally significant MB, 
which may play an important role not only as a guide 
to therapeutic approach, but also as a useful index 
in further studies that are needed for the validation of 
other diastole-specific indices against d-FFR for MB 
assessment.

Our study also demonstrated that both stress-
induced ischemia and d-FFR during dobutamine 
provocation correlate well with both percent DS and 
MLD at end-diastole, but not at end-systole, sug-
gesting that MB decompression is probably slow and 

incomplete.1–6 These findings support the hypothesis 
that the underlying mechanism of stress-induced 
ischemia in patients with MB is probably a delay in 
early diastolic artery relaxation with persistent reduc-
tion of vessel luminal diameter in diastole, which may 
worsen during inotropic provocation with dobuta-
mine or exercise stress because of tachycardia and 
shortening of diastolic perfusion time.1–7,25 At the be-
ginning of diastole, when the MB compression still 
persists, ventricular relaxation with decompression of 
coronary microcirculation occurs, resulting in a sig-
nificant decrease and negativization of instantaneous 
diastolic-Pd with the creation of a “sucking” effect, 
which was more prominent during invasive evaluation 
of MB with dobutamine provocation in our study.7,12,23 
Accordingly, the occurrence of highest instantaneous 
pressure gradient across the MB leads to rapid coro-
nary flow acceleration (early diastolic hyperemic flow) 
and, therefore, early diastolic hyperemic myocardial 
perfusion (“finger-tip” phenomenon).1–5,7,25,26 This hy-
pothesis is supported by the study of Escaned et al, 
which demonstrated that the instantaneous pressure 
gradient across the MB resulting from the difference 

Table 3.  Multivariate Logistic Regression Analyses for All Significant Univariate Variables (P≤0.05) Predicting Stress-
Induced Myocardial Ischemia in Patients With MB

OR (95% CI for OR) P Value R2 HL Test P Value

Univariate analysis

MLD MB (end-systole) 0.207 (0.036–1.192) 0.078 0.075 0.531

MLD MB (end-diastole) 0.029 ( 0.003–0.244) 0.001 0.330 0.763

%DS MB (end-systole) 1.035 (0.964–1.090) 0.191 0.040 0.581

%DS MB (end-diastole) 1.222 (1.096–1.363) <0.001 0.446 0.270

Conventional-FFR ADO 0.004 
(0.000001–1328.866)

0.392 0.018 0.867

Conventional-FFR DOBmax 0.033 
(0.000002–594.865)

0.495 0.011 0.169

Diastolic-FFR ADO 0.127 (0.0001–138.290) 0.563 0.008 0.708

Diastolic-FFR DOBmax* 0.803 (0.701–0.919) 0.002 0.393 0.200

Model 1. Backward method with %DS MB (end-diastole) and:

Conventional-FFR ADO† … … … …

%DS MB (end-diastole) 1.227 (1.095–1.376) <0.001 0.468 0.795

Conventional-FFR DOBmax† … … … …

%DS MB (end-diastole) 1.222 (1.096–1.363) <0.001 0.446 0.270

Diastolic-FFR ADO† … … … …

%DS MB (end-diastole) 1.226 (1.093–1.374) <0.001 0.461 0.656

Diastolic-FFR DOBmax*,† 0.851 (0.750–0.967) 0.013 0.586 0.436

%DS MB (end-diastole) 1.201 (1.062–1.358) 0.004 0.586 0.436

Model 2. Backward method with %DS MB (end-diastole), conventional-FFR ADO, and diastolic-FFR DOBmax

Diastolic-FFR DOBmax* 0.870 (0.767–0.986) 0.030 0.567 0.891

%DS MB (end-diastole) 1.208 (1.065–1.370) 0.003 0.567 0.891

Dependent variable: stress-induced wall-motion abnormalities in the left anterior descending coronary artery territory. Multivariate logistic regression analyses 
were adjusted for all variables with P≤0.05 in univariate analysis. ADO indicates adenosine; DOBmax, peak dobutamine dose; DS, diameter stenosis; FFR, 
fractional flow reserve; HL, Hosmer and Lemeshow test; MB, myocardial bridging; MLD, minimal luminal diameter; OR, odds ratio; and R2, Nagelkerke R square.

*Because of small values of diastolic-FFR DOBmax, in model, this variable is multiplied by 100 to obtain OR with 95% CI that can be evaluated.
†Only variable in the model.
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between Pa and Pd during dobutamine provocation 
mimics this characteristic diastolic coronary flow ve-
locity pattern.1–5,7,12,25 A prolongation of severe MB 
compression beyond systole into diastole because 
of severe impairment of MB decompression, which 
is more prominent during inotropic provocation with 
dobutamine or exercise stress, may impair early di-
astolic hyperemic flow, and thereby myocardial per-
fusion, especially at the subendocardial level with 
consequent ischemia.7,26

Therefore, the use of beta-blockers is generally 
considered first-line therapy for patients with MB with 
stress-induced ischemia, because of their negative 

chronotropic and inotropic effects, with consequently: 
(1) decrease in contractility and systolic and early di-
astolic compression of both intramyocardial arterial 
segment and coronary microcirculation, and (2) pro-
longation of diastolic perfusion time, which leads to 
normalization of early diastolic hyperemic flow and 
myocardial perfusion, especially at the subendocar-
dial level.2,7–10,26 Nondihydropyridine calcium-channel 
blockers can also be used as an alternative to beta-
blockers in those patients with MB who cannot tol-
erate beta-blockers because of active bronchospasm 
or other contraindications.2,7–10,26 In patients with 
MB with stress-induced ischemia not responding to 

Figure 6.  ROC analysis for assessing the accuracy of diagnostic tests for detection of stress-
induced myocardial ischemia in patients with MB.
Dash line represents a random chance line, while solid colored line represents a test. (A) Conventional-
FFR during adenosine provocation (FFR ADO); (B) Conventional-FFR at peak dobutamine provocation 
(FFR DOBmax); (C) Diastolic-FFR during adenosine provocation (d-FFR ADO); (D) Diastolic-FFR at peak 
dobutamine provocation (d-FFR DOBmax). ADO indicates adenosine; AUC, area under curve; d-FFR, 
diastolic fractional flow reserve; DOBmax, peak dobutamine infusion; FFR, fractional flow reserve; MB, 
myocardial bridging; ROC, receiver-operating characteristics curve; SE, standard error; Sn, sensitivity; 
and Sp, specificity.

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 9, 2021



J Am Heart Assoc. 2021;10:e020597. DOI: 10.1161/JAHA.120.020597� 14

Aleksandric et al� Myocardial Bridging Invasive Functional Assessment

medical therapy, surgical treatment options, such 
as surgical unroofing or supra-arterial myotomy, are 
favorable over MB stenting, because the latter is as-
sociated with worse outcomes during short- and 
long-term follow-up, including coronary perforation, 
in-stent restenosis, stent fracture, and stent thrombo-
sis.27–29 However, large and prospective randomized 
clinical trials assessing the short- and long-term effect 
of antianginal drugs versus surgical treatment options 
or percutaneous coronary intervention in patients with 
MB with stress-induced ischemia are lacking.

Our study also confirms previous findings by Bartunek 
et al that high doses of dobutamine infusion (>20 µg/kg 
per minute) have the same effect as adenosine on the 
microcirculation, suggesting that dobutamine-induced 
hyperemia is similar to adenosine-induced hyperemia, 
regardless of the presence of ischemia.22 However, 2 
studies using transthoracic Doppler echocardiography 
in patients with fixed stenosis and MB, respectively, 
showed that maximal coronary flow reserve was similar 
during adenosine- and dobutamine-induced hyperemia 
only in those with wall motion abnormalities detected on 
exercise stress echocardiography or dobutamine-SE.1,30 
Conversely, these studies noticed that although coronary 
flow reserve can adequately compensate further marked 
increase in myocardial oxygen demand at higher dose of 
dobutamine only in coronary arteries without significant 
lesion, it was significantly lower after peak dobutamine 
dose compared with adenosine. These findings are con-
sistent with our results where d-FFR is associated with 
myocardial ischemia only when higher doses of dobuta-
mine are used (>20 µg/kg per minute).

Study Limitations
All patients were divided into binary positive or negative 
groups according to exercise SE-results. Exercise-SE 
as a physiological test has a well-defined and proven 
diagnostic role in detection of myocardial ischemia. 
However, because of the semiquantitative nature of 
assessment and small areas of wall-motion abnormali-
ties, certain patients might be misdiagnosed in regard 
to development of myocardial ischemia.17

It is possible that some of our patients were sus-
ceptible to the exercise-induced vasospasm during 
exercise-SE, because the study protocol includes the 
cessation of all antianginal drugs for 24 to 48 hours be-
fore the test. However, the intracoronary administration 
of nitroglycerin just before invasive physiological mea-
surements could eliminate the vasospasm of the LAD.

The development of d-FFR is complex and therefore 
more vulnerable to measurement errors, although all mea-
surements were performed at least 3 times in the study. 
Additionally, hyperemia induced by adenosine and dobu-
tamine is not necessarily equivalent to exercise-induced 
maximal hyperemia, suggesting that some patients with 

stress-induced ischemia could have nonischemic d-FFR 
values, especially during dobutamine provocation.

Since all antianginal drugs have been discontin-
ued, it remains unclear whether treatment with these 
medications, especially with beta-blockers, alters the 
effects of dobutamine on MB physiology.

CONCLUSIONS
Diastolic-FFR, but not conventional-FFR, during ino-
tropic stimulation with high-dose dobutamine, in com-
parison to vasodilatation with adenosine, provides 
more reliable functional significance of myocardial 
bridging in relation to exercise stress–induced myocar-
dial ischemia. Diastolic-FFR during dobutamine provo-
cation appears to be a useful index of the functional 
severity of isolated MB, but data on prognostic impli-
cations are yet to be determined.
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Table S1. Full inclusion and exclusion criteria for patient participation in the study. 

 

 

 

Inclusion criteria 

1. Patient with isolated myocardial bridging (MB) on the left anterior descending coronary 

artery (LAD) and systolic compression of intramyocardial arterial segment ≥50% diameter 

stenosis (DS), after intracoronary administration of 200 µg of nitroglycerin, as measured by 

quantitative coronary angiography;  

2. MB-patient with typical or atypical chest pain (symptomatic MB-patients); 

3. Patient is able to sign informed consent. 

Exclusion criteria 

1. Patients aged ≤18 years old; 

2. MB-patients without any chest pain or other angina-like symptoms (asymptomatic MB-

patients); 

3. Patients with angiographically non-significant systolic compression of intramyocardial 

arterial segment (<50% DS) in the LAD, obtained by quantitative coronary angiography; 

4. Presence of fixed stenosis/es >50% DS in the LAD or other coronary arteries; 

5. Any previous myocardial infarction; 

6. Any previous percutaneous coronary intervention (primary or elective); 

7. Previous aorto-coronary by-pass grafting surgery (CABG); 

8. Congenital and acquired valvular heart disease; 

9. Left ventricular ejection fraction (LVEF) <40%; 

10. Left ventricular hypertrophy; 

11. Cardiomyopathies (dilated, hypertrophic, restrictive); 

12. Uncontrolled systemic arterial hypertension; 

13. Atrial fibrillation (paroxysmal, persistent, or permanent); 

14. Renal failure (acute or chronic). 
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Table S2. Coronary physiological parameters in MB-patients with and without stress-induced myocardial ischemia.  

Dobutamine 

dose 

 Pa, mmHg     Pd, mmHg  d-Pa, mmHg  d-Pd, mmHg 

 SE - SE +  SE - SE +  SE - SE +  SE - SE + 

BL1  86 + 16 86 + 7  79 + 15 79 + 7  86 + 12 79 + 9§  77 + 12 70 + 9§ 

ADO  85 + 9* 82 + 7*  72 + 9* 68 + 8*  74 + 13* 67 + 8*§  59 + 12* 52 + 8*§ 

BL2  89 + 7 86 + 7  82 + 7 79 + 7  86 + 11 79 + 9§  77 + 12 70 + 9§ 

DOB 10  89 + 7 87 + 7*  80 + 7* 77 + 7*  86 + 12 76 + 9*§  75 + 12* 65 + 9*§ 

DOB 20  90 + 7*† 88 + 8*  78 + 8*† 75 + 8*†  83 + 14*† 71 + 10*†§  69 + 14*† 55 + 10*†§ 

DOB 30  92 + 8*† 89 + 7*§  78 + 8* 74 + 7*§  79 + 13*† 69 + 10*†§  64 + 13*† 50 + 9*†§ 

DOB 40/50/ATR  93 + 8* 90 + 8*§  78 + 8* 74 + 7*§  77 + 14*† 69 + 10*§  62 + 12*† 49 + 8*§ 

DOBmax  93 + 8*‡ 90 + 8*‡§  78 + 9*‡ 74 + 7*‡§  78 + 14* 69 + 9*§  62 + 13* 49 + 7*§ 

Dobutamine 

dose 

 Overall-ΔP  Systolic-ΔP  Diastolic-ΔP    

 SE - SE +  SE - SE +  SE - SE +    

BL1  7 + 3 7 + 2  7 + 3 6 + 4  9 + 3 9 + 3    

ADO  13 + 3* 14 + 5*  10 + 3* 11 + 7*  15 + 6* 15 + 7*    

BL2  7 + 2 7 + 3  7 + 3 6 + 4  9 + 3 9 + 3    

DOB 10  9 + 3* 10 + 3*  7 + 4 8 + 5*  11 + 4* 11 + 4*    

DOB 20  12 + 4*† 13 + 6*†  8 + 6 5 + 8†§  14 + 5*† 16 + 7*†    

DOB 30  14 + 4*† 15 + 7*†  8 + 6 5 + 9§  15 + 5*† 19 + 7*†§    

DOB 40/50/ATR  15 + 4*† 16 + 4*†  9 + 5 6 + 5§  15 + 3* 20 + 4*§    

DOBmax  15 + 4*‡ 16 + 7*‡  8 + 7 5 + 8§  16 + 4*‡ 20 + 6*‡§    

Data are expressed as mean + SD. SE - = group of MB-patients without stress-induced ischemia; SE + = group of MB-patients with stress-induced ischemia;    

BL1 = basal conditions, before adenosine infusion; ADO = adenosine (140µg/kg/min); BL2 = basal conditions, before dobutamine infusion; DOB = dobutamine; 

ATR = atropine; DOB 10 = 10µg/kg/min; DOB 20 = 20µg/kg/min; DOB 30 = 30µg/kg/min; DOB 40/50/ATR = 40µg/kg/min, or 50µg/kg/min, or atropine; 

DOBmax = peak dobutamine dose; d-Pa = mean aortic blood pressure obtained during diastole; d-Pd = mean distal intracoronary pressure obtained during 

diastole; diastolic-ΔP = mean pressure gradient across the MB during diastole; MB = myocardial bridging; overall-ΔP = mean overall pressure gradient across the 

MB; Pa = mean aortic blood pressure obtained during the whole cardiac cycle; Pd = mean distal intracoronary pressure obtained during the whole cardiac cycle; 

systolic-ΔP = mean pressure gradient across the MB during systole. *p<0.05 vs. BL; †p<0.05 vs. preceding value; ‡p<0.05 vs. ADO; §p<0.05 vs. SE-negative 

group. 
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Table S3. Influence of both "overshooting" and "sucking" effect on conventional-FFR (FFR) and diastolic-FFR (d-FFR) 

values during adenosine (ADO) and peak dobutamine infusion (DOBmax). 

 

 “Sucking” effect “Overshooting” effect 

Variable without with p-value without with p-value 

FFR ADO 0.84 + 0.04 0.81 + 0.05 0.061 - - - 

FFR DOBmax 0.85 + 0.05 0.83 + 0.06 0.265 0.82 + 0.05 0.91 + 0.07 0.006 

d-FFR ADO 0.80 + 0.07 0.75 + 0.09 0.117 - - - 

d-FFR DOBmax 0.79 + 0.05 0.75 + 0.08 0.135 0.77 + 0.06 0.76 + 0.08 0.722 

Data are expressed as mean + SD.  
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Table S4. Influence of both "overshooting" and "sucking" effect after adenosine (ADO) 

and peak dobutamine infusion (DOBmax) on the presence of stress-induced myocardial 

ischemia.  

Variable 
All 

(n=60) 

SE - 

(n=41) 

SE + 

(n=19) 
p-value 

„Overshooting” effect (DOBmax), n (%) 9 (15) 4 (10) 5 (26) 0.126 

„Sucking” effect (DOBmax), n (%) 48 (80) 33 (80) 15 (79) 0.990 

Variable 
All 

(n=56) 

SE - 

(n=39) 

SE + 

(n=17) 
p-value 

„Overshooting” effect (ADO), n (%) - - - - 

„Sucking” effect (ADO), n (%) 9 (16) 5 (13) 4 (24) 0.431 

Data are expressed as number (%). SE- = group of MB-patients without stress-induced ischemia; 

SE+ = group of MB-patients with stress-induced ischemia.  
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Figure S1. The example of conventional fractional flow reserve (conventional-FFR) 

measurements obtained by the pressure-temperature sensor-tipped 0.014-inch guidewire 

(PressureWire Certus, St. Jude Medical, St. Paul, Minnesota) in the left anterior 

descending (LAD) artery distal to the myocardial bridging (MB), before and during 

iv.infusion of adenosine (140µg/kg/min).  

 

 

 

During maximal hyperaemia, mean aortic blood pressure (Pa) was 82, and mean distal 

intracoronary pressure (Pd) was 68. Conventional-FFR equals 0.83 (Pd/Pa = 68/82 = 0.83).  
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Figure S2. The example of conventional fractional flow reserve (conventional-FFR) measurements obtained by the pressure-

temperature sensor-tipped 0.014-inch guidewire (PressureWire Certus, St. Jude Medical, St. Paul, Minnesota) in the left 

anterior descending (LAD) artery distal to the myocardial bridging (MB), before and during iv. infusion of dobutamine (10-

40µg/kg/min).  

BL = basal conditions, before dobutamine infusion; DOB 10-40 = dobutamine at 10, 20, 30, and 40µg/kg/min, respectively; Pa = 

mean aortic blood pressure obtained during the whole cardiac cycle; Pd = mean distal intracoronary pressure obtained during the 

whole cardiac cycle. 
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Figure S3. The example of off-line analysis of diastolic invasive physiological measurements. 

 

A. Conventional fractional flow reserve (conventional-FFR) measurements in the left anterior 

descending (LAD) artery distal to the myocardial bridging (MB), during iv.infusion of 
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dobutamine (40µg/kg/min), stored on RadiAnalyzer™ Xpress (St. Jude Medical, St. Paul, 

Minnesota, USA), and transfered to the RadiView™ software package (RadiView 2.2); B. Raw 

data of the pressure tracings exported to Microsoft Office Excel database; C. The cardiac cycle 

of raw data of the pressure tracings was manually separated into systole and diastole (black 

separation line). The onset of diastole was defined from the nadir of dicrotic notch on the aortic 

pressure signal (Pa, red line), while the end of diastole was defined as the point of the lowest 

pressure just before the Pa upstroke. Diastolic fractional flow reserve (d-FFR) was calculated as 

the ratio of mean distal intracoronary pressure to mean aortic blood pressure obtained during 

diastole (d-Pd/d-Pa). Diastolic pressure gradient (ΔP) across the MB was calculated as the 

difference between diastolic-Pa and diastolic-Pd (d-Pa – d-Pd), while systolic-ΔP was calculated 

as the difference between systolic-Pa and systolic-Pd (s-Pa – s-Pd). Pa (red line) = mean aortic 

blood pressure obtained during the whole cardiac cycle; Pd (green line) = mean distal 

intracoronary pressure obtained during the whole cardiac cycle; d-Pa = mean aortic blood 

pressure obtained during diastole; d-Pd = mean distal intracoronary pressure obtained during 

diastole; s-Pa - mean aortic blood pressure obtained during systole; s-Pd - mean distal 

intracoronary pressure obtained during systole.  
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Figure S4. Conventional-FFR (A) and diastolic-FFR (B) during adenosine (ADO) and peak 

dobutamine infusion (DOBmax). 

 

BL = basal conditions; FFR = fractional flow reserve. *p<0.05 vs. BL; †p<0.05 vs. ADO. 
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