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Abstract
Myocardial bridging (MB) is a common anatomic variant in coronary arteries with unclear functional significance. We 
evaluated regional myocardial strain by speckle tracking during dobutamine stress echocardiography (DSE) in patients with 
MB in the left anterior descending coronary artery (LAD). We studied 11 patients with MB in the LAD and no obstructive 
coronary artery disease (CAD), 7 patients without MB, but obstructive CAD in the LAD, and 12 controls without MB or 
obstructive CAD. MB was defined as either > 1 mm (superficial) or > 2 mm (deep) intramyocardial course of the LAD in 
coronary CT angiography. Regional longitudinal, radial and circumferential strains and strain rates as well as post-systolic 
strain index (PSI) were measured at rest, peak stress, and early recovery (1 min after stress). Strain parameters during DSE 
were similar in the myocardium distal to MB and other myocardial regions of the same patients as well as the LAD territory 
in controls. However, patients with obstructive CAD showed impaired LS and strain rate as well as increased PSI at peak 
stress. None of the MB was associated with systolic compression in invasive coronary angiography and strain parameters 
were similar between superficial and deep MB. Stress myocardial blood flow by positron emission tomography correlated 
with LS and RS at peak stress in the myocardium distal to MB (r = − 0.73, p = 0.03, and r = 0.64, p = 0.04, respectively). 
Myocardial strain is not reduced during DSE in patients with MB in the LAD and no significant systolic compression.
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Introduction

Myocardial bridging (MB) is a common anatomical variant 
characterized by a segment of a coronary artery covered by 
a myocardial band, also referred to as a tunneled artery [1]. 
The incidence of MB is highest in the left anterior descend-
ing coronary artery (LAD) [2]. Although the long-term 
prognosis of patients with MB is good [3, 4], some studies 

reported that MB could be associated with anginal pain, 
impaired systolic function, and even cardiac death [5–7].

The presence of a MB can be seen as systolic compres-
sion of a coronary artery segment by invasive coronary angi-
ography (ICA). More frequently, MB is detected by coronary 
computed tomography angiography (CTA) as an intramyo-
cardial course of the coronary artery [8, 9]. However, ana-
tomical imaging alone does not provide information on the 
hemodynamic significance of the myocardial bridging and 
its significance to the patients’ symptoms which is crucial in 
guiding further clinical management. Studies using positron 
emission tomography (PET) have found normal myocardial 
blood flow (MBF) during vasodilator stress in myocardium 
subtended by MB [10, 11]. However, the vasodilator stress 
might not be optimal for the evaluation of dynamic compres-
sion caused by the MB compared to exercise or dobutamine 
stress [12].

Dobutamine stress echocardiography (DSE) detects 
obstructive coronary artery disease (CAD) based on 
regional wall motion abnormalities induced by myocardial 
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ischemia [13, 14]. Two-dimensional strain echocardiography 
(speckle-tracking echocardiography, STE) detects early signs 
of left ventricular dysfunction in patients with CAD [15]. 
Furthermore, STE during DSE was recently found feasible 
and may help to detect hemodynamically significant coro-
nary stenosis compared with visual analysis alone [16, 17]. 
While wall motion abnormalities associated with MB have 
been found in some patients during stress echocardiography 
[18], there has been an interest in the use of strain imaging 
to evaluate the hemodynamic effects of MB [19].

In this study, we evaluated the relationships between the 
regional two-dimensional myocardial strain measured by 
STE during DSE and the anatomical and functional charac-
teristics of MB in the LAD.

Methods

The study group consisted of 50 prospectively recruited out-
patients evaluated during years 2009–2011 due to suspected 
obstructive CAD with an intermediate pre-test likelihood 
of CAD that has been described previously [16]. A sub-
population of a study evaluating diagnostic approach using 
hybrid coronary CTA/PET perfusion imaging for diagnosis 
of obstructive CAD defined by invasive coronary angiog-
raphy as the reference standard underwent additional DSE 
[20]. Exclusion criteria were age < 30 or > 75 years, low or 
high pre-test probability of CAD, pregnancy, acute coronary 
syndrome, known diagnosis of CAD (history of myocar-
dial infarction or obstructive CAD by ICA), ejection frac-
tion < 35%, asthma, significant valvular disease, congenital 
heart disease, cardiomyopathy, severe hypertension, recent 
(< 6 months) cerebral ischemic attack, active cancer, persis-
tent atrial fibrillation, and atrioventricular block. The study 
was performed according to the Declaration of Helsinki, it 
was approved by the local ethics committee and participants 
gave their informed written consent.

According to the study protocol, all patients underwent 
DSE, coronary CTA, PET perfusion imaging during adeno-
sine stress, and invasive coronary angiography, which was 
performed on average 5 ± 3 weeks after DSE.

For this analysis, we included 11 patients with MB in the 
LAD without obstructive CAD, 7 patients with obstructive 
CAD in the LAD, and 12 control patients without MB or 
obstructive CAD. Six patients with concomitant MB and 
obstructive CAD in the LAD or diagonal branches were 
excluded.

Dobutamine stress echocardiography

A standard staged protocol was applied during DSE [13, 14]. 
Dobutamine was infused intravenously through a peripheral 
infusion line with a mechanical pump starting at a dose of 

10 µg/kg/min. The dose was increased at 3-min intervals to 
20, 30, and 40 µg/kg/min with intravenous atropine up to 
2 mg given if necessary to augment the heart rate response. 
Blood pressure and electrocardiogram were monitored con-
tinuously. Criteria for terminating the test were achieving a 
heart rate response of 85% of the age-predicted maximum, 
development of wall motion abnormality, angina pecto-
ris, severe ischemic electrocardiographic changes, systolic 
blood pressure > 240 mmHg, abnormal blood pressure reac-
tion during stress, or significant arrhythmia. Beta-blockers 
were withdrawn for two days and long-acting nitrates on the 
morning of the study.

Image acquisition

Images were obtained by three experienced echocardiogra-
phers using the GE Vivid 7 and M4S transducer (GE Ving-
med Ultrasound AS, Horten, Norway) with patients in the 
lateral decubitus position. Standard 2D grayscale images of 
three standard apical views (four-chamber, two-chamber, and 
apical long-axis) and parasternal long-axis and parasternal 
short-axis views at the level of the mitral valve, papillary 
muscles, and apex were acquired at rest, at a dobutamine 
dose of 20 mg/kg/min, at peak stress, and early recovery 
1 min after stress. Per protocol, a cine image of one rep-
resentative cardiac cycle per stage and view was digitally 
stored for later offline analysis. To enhance speckle-tracking 
at high heart rates, images were optimized for left ventricular 
analysis, and the frame rate was increased to achieve a target 
of 60 to 90 frames/sec without compromising endocardial 
border detection.

Two‑dimensional speckle‑tracking strain analysis

The speckle-tracking strain was measured offline using 
EchoPAC PC 113 software (GE Healthcare Inc.) by an 
analyst blinded to the other imaging results of the patient. 
Semi-automatic software created a region of interest (ROI) 
covering the LV myocardium. Speckles were assumed auto-
matically by the software, and the user confirmed proper 
tracking of the myocardium. In the presence of poor track-
ing, the observer re-adjusted the endocardial trace. Segments 
rejected both by software and by the analyst were excluded. 
In patients with MB, 4 segments in the LAD territory with 
poor tracking were excluded at rest, 3 at peak stress and 
2 at early recovery. In the control group, 5 segments were 
excluded at rest, 5 at peak stress, and 6 at early recovery.

Regional systolic longitudinal strain (LS), longitudinal 
strain rate (LSr), circumferential strain (CS), circumferen-
tial strain rate (CSr), radial strain (RS) and radial strain rate 
(RSr) were calculated in all LV segments. Furthermore, we 
measured postsystolic strain index (PSI, postsystolic strain 
divided by peak strain). Strain values were calculated for 
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18 myocardial segments using the standard template. In the 
presence of obstructive stenosis or MB, distal myocardial 
segments were chosen for strain analysis. In patients with 
MB, segments outside the LAD territory were analyzed as 
control segments.

Coronary computed tomography angiography

Patients were scanned with a 64-row PET/CT scanner (GE 
Discovery VCT, General Electric Medical Systems, Wauke-
sha, Wisconsin) as previously described [11, 16]. The colli-
mation was 64 × 0.625 mm, gantry rotation time was 350 ms, 
tube current was 600 to 750 mA, and voltage was 100 to 
120 kV, depending on patient size. Patients received 800 μg 
sublingual nitrate before the scan. Intravenous metoprolol 
0 to 30 mg was administered before the scan to reach a tar-
get heart rate of 60 bpm. Iodinated contrast infusion (60 to 
80 ml of 400 mg iodine/ml iomeprol at 4 to 4.5 ml/s) was 
followed by a saline flush.

Coronary CTA was analysed according to the standard 
17-vessel segment model [21]. To evaluate the presence of 
MB, multiplanar reconstruction images were used. MB was 
defined as an intramyocardial course of a coronary artery, 
either superficial (1 to 2 mm) or deep (> 2 mm of overlying 
myocardium) according to the definitions used in the previ-
ous studies [4, 8, 11, 22, 23].

Positron emission tomography

PET studies were performed using Discovery VCT scan-
ner (GE Medical Systems, Waukesha, WI), as previously 
described [11, 16] after an overnight fast. Alcohol and caf-
feine were prohibited 12 h before the study. Rest-stress per-
fusion cardiac PET was performed immediately after CT, 
and 15O-labeled water (900 to 1100 MBq) was injected 
(RadiowaterGenerator, Hidex Oy, Turku, Finland) at rest 
as an intravenous bolus over 15 s. A dynamic acquisition 
of the heart was performed (14 × 5 s, 3 × 10 s, 3 × 20 s, and 
4 × 30 s), after which an adenosine-induced stress scan was 
performed. Adenosine infusion was started 2 min before the 
scan and continued at 140 mg/kg/min until the scan was 
completed.

PET images were analyzed with Carimas software [24] 
and MBF was expressed as ml/g/min. Standard polar plots 
and a parametric heart volume were produced, allowing 
image fusion with ADW 4.4 software (CardiIQFusion, 
General Electric Medical Systems, Milwaukee, Wisconsin). 
PET/CT hybrid images were used to match coronary artery 
segments affected by MB to corresponding myocardial flow 
areas. Myocardial segments for flow analysis were chosen 
distal to MB. An example of PET perfusion imaging of MB 
is shown in Fig. 1.

Invasive coronary angiography and FFR

ICA was performed with Siemens Axiom Artis coronary 
angiography system (Siemens, Erlangen, Germany) as pre-
viously described15. An experienced reader blinded to the 
results of the other imaging modalities performed quantita-
tive analysis of coronary angiograms (Quantcore, Siemens) 
for CAD and assessment for systolic compression. A 17-seg-
ment standard model was used. FFR measurement was per-
formed using the ComboMap pressure/flow instrument and 
0.014-inch Bright Wire pressure guidewires (Volcano Cor-
poration, San Diego, CA) in the presence of intermediate 
stenosis of 40% to 75% when feasible. The pressure was 
measured distally to the lesion during maximal hyperaemia 
induced by 18-mg intracoronary boluses of adenosine with 
simultaneous measurement of aortic pressure through the 
catheter. FFR was calculated as the ratio of mean distal pres-
sure to mean aortic pressure.

Obstructive CAD was defined as > 70% anatomic steno-
sis by quantitative coronary angiography or in the presence 
of an intermediate stenosis (40–75%) as FFR < 0.8. In one 
patient without FFR measurement, the presence of myocar-
dial ischemia detected by PET perfusion imaging confirmed 
CAD.

Statistical analysis

A Shapiro–Wilk W-test was applied to test the distribution of 
the data. All variables were expressed as the mean ± standard 
deviation (SD). Chi-square tests were used for differences 
between categorical variables and Student's t-tests for con-
tinuous variables. Analysis of variance (ANOVA) and Tukey 
Kramer tests were used to assess differences among three 
groups. The Pearson correlation coefficient between myo-
cardial strain values and MBF was calculated. A two-sided 
p-value < 0.05 was considered to indicate significance. Sta-
tistical analyses were done using SPSS (SPSS, Chicago, IL).

Results

The study group consisted of 11 patients with MB in the 
LAD and no obstructive CAD (one patient had an interme-
diate stenosis, but fractional flow reserve was normal), 7 
patients with obstructive CAD in the LAD, and 12 controls 
without MB or obstructive CAD. The MB was in the middle 
part of the LAD in 9 patients and distal part in 2 patients. Six 
patients had a deep course of the MB segment. The mean 
MB length was 13.2 ± 4.7 mm, and the longest MB was 
21 mm. None of the MB was associated with > 50% systolic 
compression by ICA.

Table  1 shows the clinical characteristics of study 
patients. The proportion of women, age, type of symptoms, 
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prevalence of risk factors of CAD and medications were 
similar among patients with MB, obstructive CAD and 
controls. Systemic hemodynamic response and heart rate 
response to dobutamine stress were similar among patients 
with MB, CAD and controls (Table 2).

Standard echocardiography showed normal left ventric-
ular ejection fraction, no scars of myocardial infarction nor 
other significant structural heart disease (Table 2). At rest, 
the visual wall motion in the LAD territory was normal 
in all patients except one patient with obstructive CAD 
who showed hypokinesia in one segment. At peak stress, 
inducible wall motion abnormalities were seen in the LAD 
territory in 3 patients with an obstructive CAD (1, 3 and 7 
segments per patient), whereas no wall motion abnormal-
ity was seen in patients with MB or controls.

Two‑dimensional strain during dobutamine stress 
in patients with MB

An example of longitudinal strain maps during DSE in a 
patient with MB is shown in Fig. 1. Assessment of 2D strain 
was feasible during DSE in all patients. As shown in Table 3, 
all strain parameters were similar in the myocardium distal 
to coronary segments with MB and remote-control segments 
of the same patients at rest, peak dobutamine stress, and 
early recovery. Compared with rest, LS, LSr, CSr, RS and 
RSr were augmented at peak dobutamine stress in segments 
distal to MB. However, there were no significant changes in 
PSI and CS during dobutamine stress. At all-time points of 
DSE, strain parameters distal to MB with superficial vs. deep 
intramyocardial course were similar (Table 4).

Fig. 1   Positron emission tomography (PET), computed tomography 
angiography (CTA), and dobutamine stress echocardiography (DSE) 
of a patient with myocardial bridging (MB) in the middle left anterior 
descending (LAD) coronary artery. A polar map of stress myocardial 
perfusion measured using 15-Oxygen water PET shows normal stress 
myocardial blood flow (A). Multiplanar reconstruction (B) and cross-

sectional (C) images of a MB in the mid-LAD artery. White arrows 
and lines demonstrate the myocardium overlying the artery. Repre-
sentative polar maps of peak systolic longitudinal strain at the rest 
(D) peak dobutamine stress (E) and early recovery (F) phases. Myo-
cardial strain is homogeneous throughout the test
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Two‑dimensional strain during dobutamine stress 
in patients with MB, obstructive CAD and controls

Myocardial strain parameters at rest were similar distal 
to MB, distal to obstructive CAD lesions and in the cor-
responding myocardium subtended by the LAD in con-
trols as shown in Fig.  2. During peak stress and early 
recovery, LS was comparable between MB and control 
groups (− 23.4 ± 6.3% vs. − 21.3 ± 4.4%, p > 0.05, and 

− 21.3 ± 3.8% vs. − 21.19 ± 3.7%, p > 0.05, respectively). 
However, LS in the CAD group was reduced as compared to 
MB and control groups during peak stress and early recovery 
(− 12.9 ± 5.6%, p < 0.05 for both groups and − 13.63 ± 4.7%, 
p < 0.05 for both groups, respectively). Similarly, LSr 
was comparable between MB and control groups during 
peak stress and early recovery phases (− 2.0 ± 0.9 S−1 vs. 
− 2.1 ± 2 S−1, p > 0.05, and − 2.1 ± 0.8 vs. − 1.9 ± 0.3 S−1 
p > 0.05, respectively). LSr was lower in the CAD group than 

Table 1   Clinical characteristics 
of study patients

Data are presented as n (%) unless otherwise stated
MB Myocardial bridging, CAD coronary artery disease, ACE angiotensin-converting enzyme, ATr angioten-
sin 2 receptor, FFR fractional flow reserve, PET positron emission tomography, SD standard deviation
*In one patient information on symptoms missing

All (N = 30) MB (N = 11) Control (N = 12) CAD (N = 7) p value

Men 17 (57) 7 (64) 7 (58) 3 (43) 0.8
Age, years (mean ± SD) 63 ± 7 61 ± 9 63 ± 5 65 ± 7 0.6
Symptom*
Typical angina 7 (23) 2 (18) 3 (25) 2 (29) 0.7
Atypical angina 14 (47) 5 (45) 5 (41) 4 (57) 0.6
Non-anginal chest pain 8 (27) 4 (36) 3 (25) 1 (14) 0.7
Risk factors
Hypertension 11 (37) 4 (36) 4 (33) 3 (43) 0.8
Hypercholesterolemia 14 (47) 6 (55) 5 (41) 3 (43) 0.7
Diabetes 4 (13) 0 2 (17) 2 (29) 0.2
Current or previous smoker 4 (13) 1(9) 1 (8) 2 (29) 0.2
Medication
Aspirin 16 (53) 5 (45) 6 (50) 5 (71) 0.5
Beta blocker 17 (57) 7 (64) 5 (42) 5 (71) 0.5
Statin 17 (57) 8 (73) 5 (42) 4 (57) 0.3
ACE inhibitor/ATr-antagonist 6 (20) 1 (9) 2 (17) 3 (43) 0.2
Calcium channel blocker 3 (10) 0 2 (17) 1 (14) 0.4

Table 2   Systemic hemodynamic 
variables and left ventricular 
ejection fraction (LVEF) at rest 
and peak dobutamine stress

Data are presented as mean ± SD
MB Myocardial bridging, CAD coronary artery disease

Variables MB
(N = 11)

Control
(N = 12)

CAD
(N = 7)

p value
(ANOVA)

Systolic blood pressure (mmHg)
Rest 131 ± 14 136 ± 17 147 ± 21 0.19
Peak stress 151 ± 32 148 ± 18 157 ± 22 0.75
Heart rate (beats/min)
Rest 65 ± 6 70 ± 12 67 ± 11 0.46
Peak stress 147 ± 24 143 ± 17 151.2 ± 35 0.76
Rate pressure product (mmHg/min)
Rest 8460 ± 1181 9815 ± 2447 10,356 ± 2893 0.19
Maximum 21,054 ± 7001 19,093 ± 3324 24,401 ± 7619 0.17
LVEF (%)
Rest 68 ± 5 67 ± 5 70 ± 3 0.39
Peak stress 79 ± 7 77 ± 8 77 ± 9 0.89
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MB group during peak stress (− 1.6 ± 0.5 S−1, p = 0.003) and 
lower than MB and control groups during early recovery 
(− 1.0 ± 0.5 S−1, p = 0.002, and − 1.0 ± 0.5 S−1, p = 0.007, 
respectively). Furthermore, regional PSI was significantly 
higher in CAD than in MB and control groups both at peak 
stress (All p < 0.0001) and early recovery (All p < 0.0001) as 
shown in Fig. 3. CS, CSr, RS and RSr showed no significant 
differences between MB, CAD and control groups during 
dobutamine stress.

Relation between stress myocardial blood flow 
and two‑dimensional strain during dobutamine 
stress in patients with MB

Regional MBF during adenosine stress correlated with 
regional LS (r = − 0.73, p = 0.03), LSr (r = − 0.73, p = 0.02) 
and RS (r = 0.64, p = 0.04) at peak stress in the myocardium 

subtended by MB (Fig.  4). There were no correlations 
between stress MBF and other strain variables at dobutamine 
stress. Similarly, resting MBF and myocardial strain param-
eters at rest were not correlated.

Discussion

In the present study, we studied the effect of MB on two-
dimensional myocardial strain measured by speckle track-
ing during DSE. The main finding of the study is that myo-
cardial strain parameters were similar distal to the MB vs. 
myocardium subtended by a normal coronary artery of the 
same patients or the corresponding myocardial region of 
control patients without CAD or MB during dobutamine 
stress. In contrast to MB, obstructive CAD was associated 
with reduced LS and LSr as well as increased PSI during 

Table 3   Myocardial strain distal to coronary artery segments with myocardial bridging (MB) versus remote myocardial region of the same 
patients at rest and dobutamine stress

Data are presented as mean ± SD
LS Longitudinal strain, LSr Longitudinal strain rate, PSI Post systolic index, CS Circumferential strain, CSr Circumferential strain rate, RS Radial 
strain, RSr Radial strain rate
*vs. stress, P < 0.05. **vs. recovery, P < 0.05. ***vs. rest, P < 0.05

Strain Rest Peak stress Early recovery

MB Remote p value MB Remote p value MB Remote p value

LS (%) − 19.1 ± 2.6* − 17.7 ± 1.6 0.18 − 23.4 ± 6.3 − 19.2 ± 2 0.07 − 21.3 ± 3.8 − 18.8 ± 2.2 0.06
LSr (S−1) − 1 ± 0.2* − 1 ± 0.1* 0.78 − 2 ± 0.9 − 2.4 ± 0.2** 0.07 − 2.1 ± 0.8 − 1.9 ± 0.3*** 0.20
PSI (%) 1.3 ± 1.7 1.7 ± 1 0.5 2.7 ± 1.8 3.4 ± 1.4 0.30 2.3 ± 2.1 3.1 ± 1.9 0.3
CS (%) − 20.3 ± 4.8 − 16.9 ± 2.5 0.17 − 24.2 ± 7.9 − 19.9 ± 3.4 0.14 − 25.3 ± 7.6 − 20.3 ± 5.2 0.12
CSr (S−1) − 1.8 ± 0.5* − 1.9 ± 0.2* 0.65 − 4.2 ± 1.1 − 3.8 ± 0.6 0.21 − 3.5 ± 1.3 − 3.2 ± 0.9 0.63
RS (%) 32.1 ± 11.8* 33 ± 6.5 0.86 45.6 ± 13.9 38.8 ± 8.4 0.21 41.5 ± 26.1 37.3 ± 21.5 0.71
RSr (S−1) 2.4 ± 0.5* 2.4 ± 0.3* 0.93 7.2 ± 2.5 6.1 ± 1.9 0.32 5.8 ± 2.1 6.1 ± 1.8*** 0.76

Table 4   Myocardial regional strain distal to coronary artery segments with superficial versus deep myocardial bridging (MB) at rest and dobu-
tamine stress

Data are presented as mean ± SD
LS Longitudinal strain, LSr Longitudinal strain rate, PSI Post systolic index, CS Circumferential strain, CSr Circumferential strain rate, RS Radial 
strain, RSr Radial strain rate
*vs. stress, P < 0.05. **vs. rest, P < 0.05

Strain Rest Peak stress Early recovery

Superficial Deep p value Superficial Deep p value Superficial Deep p value

LS (%) − 20.2 ± 2.9 − 18.6 ± 2.2 0.40 − 23.9 ± 6.3 − 23.3 ± 11.1 0.85 − 21.7 ± 4.8 − 20.9 ± 9.7 0.8
LSr (S−1) − 1.1 ± 0.2 − 1 ± 0.5 0.40 − 3.1 ± 1 − 2.9 ± 1.6 0.70 − 2.1 ± 0.4 − 2 ± 1.1 0.4
PSI (%) 0.8 ± 0.9 1.8 ± 2.2 0.4 2.8 ± 1.5 2.6 ± 2.3 0.9 1.2 ± 0.9 2.8 ± 2.4 0.2
CS (%) − 18.8 ± 3.9 − 21.6 ± 5.7 0.40 − 24.7 ± 9.5 − 23.1 ± 2.4 0.70 − 22.9 ± 7.9 − 27.6 ± 4.1 0.1
CSr (S−1) − 2.1 ± 0.9* − 1.8 ± 0.3* 0.4 − 4.9 ± 1 − 3.7 ± 0.5 0.6 − 3.8 ± 0.7** − 3.6 ± 1.2** 0.8
RS (%) 29.6 ± 10 32.4 ± 11 0.09 35.2 ± 20 40.9 ± 18 0.49 31.70 ± 20 39.8 ± 12.5 0.6
RSr (S−1) 2.90 ± 1.3* 2.7 ± 0.6* 0.80 9.70 ± 4.7 6.60 ± 1.9 0.60 5.5 ± 1.7** 6.9 ± 2.2** 0.3
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DSE. Although our study population is not representative 
of different anatomical variants of MB, our results provide 
evidence that the presence of MB seen as intramyocardial 

course of the LAD by coronary CTA without systolic com-
pression in invasive coronary angiography, is not typically 
associated with altered myocardial strain during high dose 
dobutamine stress.

Fig. 2   Longitudinal strain (A), longitudinal strain rate (B), circum-
ferential strain (C), circumferential strain rate (D), radial strain (E), 
and radial strain rate (F) distal to MB (Gray), distal obstructive CAD 

lesions (black) and in the myocardial region subtended by the LAD in 
controls (white) in different phases of dobutamine stress echocardiog-
raphy. NS non-significant
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Evaluation of the hemodynamic consequences of MB 
remains a diagnostic challenge. Previous studies using posi-
tron emission tomography indicate that MB does not affect 
absolute myocardial blood flow in response to vasodilator 
stress [10, 11]. However, another recent study found that 
MB in the LAD was associated with reduced coronary flow 
velocity reserve as well as increased frequency of reversible 
myocardial perfusion defects and wall motion abnormalities 
in response to vasodilator stress [18].

Increased heart rate in response to exercise or dobutamine 
stress changes the relative length of systole to diastole and 
increases myocardial contractility which might be more 
effective in uncovering possible physiologic effects caused 
by MB than vasodilator stress. Kobayashi et al. [25] found 
reduced 2D myocardial strain in the interventricular sep-
tum during exercise stress in 55 patients with MB detected 
by intravascular ultrasound in the LAD. The reduction was 
associated with decreases in diastolic fractional flow reserve 
distal to MB in response to dobutamine. Using 2D STE, Jhi 
et al. [26]. found limited increase in longitudinal, radial and 
circumferential strain in the anterior and septal myocardial 
segments during low dose (20 μg/kg/min) DSE in 18 patients 
with MB in the LAD causing systolic compression. During 
high-dose DSE, ischemic wall motion abnormalities were 
found in 14% of patients with MB in the LAD and cyclic 
variation of integrated backscatter was significantly reduced 
[27]. More recently, studies have indicated that measurement 
of systolic strain by STE during high-dose DSE may be fea-
sible and may help in detection of hemodynamically signifi-
cant CAD and subtle LV segmental dysfunction [16, 17]. In 

our study, regional strain parameters, including PSI, distal 
to MB in the LAD were comparable to strain measurements 
in the remote myocardium not affected by MB or CAD of 
the same patient during all phases of DSE. Moreover, the 
regional strain measurements distal to MB were similar to 
strain in the corresponding LAD territory of patients with 
neither MB nor CAD. This was in contrast to patients with 
obstructive CAD in whom LS and LSr were impaired, and 
PSI increased during dobutamine stress.

In our study, none of the myocardial bridges was associ-
ated with > 50% systolic compression in ICA. Wang et al. 
[19]. evaluated the influence of isolated MB in the LAD 
on LV function using 3D STE at rest. The study found that 
LS values negatively correlated with the severity of LAD 
systolic compression and significantly decreased in patients 
with isolated MB in the LAD when systolic compression 
was > 50%. However, LS was similar between patients with 
systolic compression < 50% and patients without MB. Pre-
vious studies evaluating strain imaging during DSE, have 
mainly included patients with systolic compression [26]. 
Systolic compression has been observed in 0.5–16% of 
patients undergoing ICA, whereas only 21–46% of intramy-
ocardial coronary arteries on coronary CTA demonstrate 
systolic compression [20]. A previous study demonstrated 
that the depth of MB was associated with the likelihood of 
systolic compression [28]. However, we did not find differ-
ences in myocardial strain between patients with superficial 
or deep course of the MB segment. Notably, in patients with 
suspected obstructive CAD, guidelines recommend the use 
of invasive coronary angiography as the first diagnostic test 

Fig. 3   Regional post-systolic 
strain index (PSI) distal to MB 
(Gray), distal to obstructive 
CAD lesion (black) and cor-
responding myocardium of con-
trols (white) at different phases 
of dobutamine stress echocardi-
ography. NS non-significant
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Fig. 4   Correlations between 
myocardial two-dimensional 
strain at peak dobutamine stress 
and myocardial blood flow 
during adenosine stress distal to 
myocardial bridging. Pearson 
correlation (r-value) and prob-
ability (p-value) are indicated 
for longitudinal strain (A), 
longitudinal strain rate (B), and 
Radial strain (C)



	 The International Journal of Cardiovascular Imaging

only in selected patients with a high clinical likelihood or 
features of high event risk [29].

An additional finding in our study was that in patients 
with MB in the LAD, strain parameters including LS, LSr 
and RS correlated with stress myocardial blood flow meas-
ured by PET. This is in line with a recent study showing that 
2D-strain values were significantly correlated with myocar-
dial blood flow measured by PET during stress in patients 
with suspected CAD and normal LVEF [30] as well as previ-
ous results indicating that MB without systolic compression 
is not associated with reduced myocardial perfusion during 
vasodilator stress [11].

Study limitations

A strength of our study is that all patients had detailed evalu-
ation of coronary atherosclerosis and obstructive CAD by 
the combination of coronary CTA, PET perfusion imaging, 
ICA and invasive FFR measurements. This enabled ruling 
out effects of CAD on hemodynamic of MB and comparison 
of patients with MB and CAD.

Our study is limited by small number of eligible patients 
with MB in the original cohort of 50 patients. Furthermore, 
all systolic compressions were less than 50%. However, sys-
tolic compression is a dynamic phenomenon not always seen 
in a resting ICA [22]. Furthermore, systolic compression 
might worsen in some patients during exercise. Patients with 
delayed myocardial relaxation or upstream coronary stenoses 
might also be more susceptible to MB induced ischemia than 
our patients. Moreover, MB might lower the threshold for 
ischemic injury in type 2 myocardial ischemia. In this study, 
we did not evaluate the reproducibility of speckle tracking. 
However, we previously reported that analysis of 2D strain 
during DSE was feasible with low inter- and intra-observer 
variability [16], except PSI values that showed relatively 
high variation during peak stress. Finally, Longer-term out-
come data were unavailable for this study, so we could not 
determine whether strain is useful in predicting cardiovas-
cular outcomes in patients with an MB.

Conclusions

Myocardial strain assessed by speckle tracking echocardi-
ography during high dose dobutamine stress is not affected 
in patients with MB in the LAD without significant systolic 
compression.

Author contributions  H.B, V.U, M.S, M.S, J.K and A.S have substan-
tially contributed to the study by contributing to data collection, analy-
sis, or interpretation of the results. H.B wrote the main manuscript text 
and  prepared figures. H.B, V.U, M.S, M.S, J.K and A.S revising the 
manuscript. All authors have read and approved the final version. All 

author takes responsibility for all aspects of the reliability and freedom 
from bias of the data presented and their discussed interpretation.

Funding  Open Access funding provided by University of Turku 
(including Turku University Central Hospital). Valtteri Uusitalo has 
had lecture fees and advisory board activity with Pfizer and GE Health-
care. Antti Saraste acknowledges financial support by grants from 
the Academy of Finland, the Finnish Foundation for Cardiovascular 
Research, Juselius Foundation and State Research Funding of Turku 
University Hospital; and speaker or consultancy fees from Abbott, 
Astra Zeneca, BMS, Janssen, Novartis and Pfizer. The other authors 
had no grants regarding this study.

Data availability  No datasets were generated or analysed during the 
current study.

Declarations 

Conflict of interest  The authors declare no competing interests.

Consent to participate  Informed consent was obtained from all indi-
vidual participants included in the study. The authors affirm that human 
research participants provided informed consent for publication of the 
images as in Fig. 1.

Ethical approval  The study was performed according to the Declaration 
of Helsinki, it was approved by the local ethics committee.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Ciliberti G, Laborante R, Di Francesco M, Restivo A, Rizzo G, 
Galli M et al (2022) Comprehensive functional and anatomic 
assessment of myocardial bridging: unlocking the Gordian Knot. 
Front Cardiovasc Med 8:9

	 2.	 Tarantini G, Migliore F, Cademartiri F, Fraccaro C, Iliceto S 
(2016) Left anterior descending artery myocardial bridging: a 
clinical approach. J Am Coll Cardiol 68(25):2887–2899

	 3.	 Dimitriu-Leen AC, van Rosendael AR, Smit JM, van Elst T, 
van Geloven N, Maaniitty T et al (2017) Long-term prognosis 
of patients with intramural course of coronary arteries assessed 
with CT angiography. JACC 10(12):1451–1458

	 4.	 Rubinshtein R, Gaspar T, Lewis BS, Prasad A, Peled N, Halon DA 
(2013) Long-term prognosis and outcome in patients with a chest 
pain syndrome and myocardial bridging: a 64-slice coronary com-
puted tomography angiography study. Eur Heart J 14(6):579–585

	 5.	 Santucci A, Jacoangeli F, Cavallini S, D’Ammando M, de Angelis 
F, Cavallini C (2022) The myocardial bridge: incidence, diagnosis, 
and prognosis of a pathology of uncertain clinical significance. 
Eur Heart J Suppl 24(Supplement_I):I61–I67

http://creativecommons.org/licenses/by/4.0/


The International Journal of Cardiovascular Imaging	

	 6.	 Hill SF, Sheppard MN (2010) Non-atherosclerotic coronary artery 
disease associated with sudden cardiac death. Heart (Br Cardiac 
Soc) 96(14):1119–1125

	 7.	 Alegria JR, Herrmann J, Holmes DR, Lerman A, Rihal CS (2005) 
Myocardial bridging. Eur Heart J 26(12):1159–1168

	 8.	 Kim PJ, Hur G, Kim SY, Namgung J, Hong SW, Kim YH et al 
(2009) Frequency of myocardial bridges and dynamic compression 
of epicardial coronary arteries. Circulation 119(10):1408–1416

	 9.	 Jodocy D, Aglan I, Friedrich G, Mallouhi A, Pachinger O, Jaschke 
W et al (2010) Left anterior descending coronary artery myo-
cardial bridging by multislice computed tomography: correlation 
with clinical findings. Eur J Radiol 73(1):89–95

	10.	 Monroy-Gonzalez AG, Alexanderson-Rosas E, Prakken NHJ, 
Juarez-Orozco LE, Walls-Laguarda L, Berrios-Barcenas EA 
et al (2019) Myocardial bridging of the left anterior descending 
coronary artery is associated with reduced myocardial perfusion 
reserve: a 13N-ammonia PET study. Int J Cardiovasc Imaging 
35(2):375–382

	11.	 Uusitalo V, Saraste A, Pietilä M, Kajander S, Bax JJ, Knuuti 
J (2015) The functional effects of intramural course of coro-
nary arteries and its relation to coronary atherosclerosis. JACC 
8(6):697–704

	12.	 Escaned J, Cortés J, Flores A, Goicolea J, Alfonso F, Hernández 
R et al (2003) Importance of diastolic fractional flow reserve and 
dobutamine challenge in physiologic assessment of myocardial 
bridging. J Am Coll Cardiol 42(2):226–233

	13.	 Sicari R, Nihoyannopoulos P, Evangelista A, Kasprzak J, Lancel-
lotti P, Poldermans D et al (2008) Stress echocardiography expert 
consensus statement: European Association of Echocardiogra-
phy (EAE) (a registered branch of the ESC). Eur J Echocardiogr 
9(4):415–437

	14.	 Pellikka PA, Arruda-Olson A, Chaudhry FA, Chen MH, Marshall 
JE, Porter TR et al (2020) Guidelines for performance, interpreta-
tion, and application of stress echocardiography in ischemic heart 
disease: from the American society of echocardiography. J Am 
Soc Echocardiogr 33(1):1-41.e8

	15.	 Biering-Sørensen T, Hoffmann S, Mogelvang R, Zeeberg Iversen 
A, Galatius S, Fritz-Hansen T et al (2014) Myocardial strain 
analysis by 2-dimensional speckle tracking echocardiography 
improves diagnostics of coronary artery stenosis in stable angina 
pectoris. Circ Cardiovasc Imaging 7(1):58–65

	16.	 Uusitalo V, Luotolahti M, Pietilä M, Wendelin-Saarenhovi M, 
Hartiala J, Saraste M et al (2016) Two-dimensional speckle-track-
ing during dobutamine stress echocardiography in the detection 
of myocardial ischemia in patients with suspected coronary artery 
disease. J Am Soc Echocardiogr 29(5):470-479.e3

	17.	 Joyce E, Hoogslag GE, Al Amri I, Debonnaire P, Katsanos S, Bax 
JJ et al (2015) Quantitative dobutamine stress echocardiography 
using speckle-tracking analysis versus conventional visual analy-
sis for detection of significant coronary artery disease after ST-
segment elevation myocardial infarction. J Am Soc Echocardiogr 
28(12):1379–89.e1

	18.	 Guerra E, Bergamaschi L, Tuttolomondo D, Pizzi C, Sartorio D, 
Gaibazzi N (2023) Contrast stress echocardiography findings in 
myocardial bridging compared to normal coronary course, with 
and without coronary artery disease. J Am Soc Echocardiogr 
36:1092–1099

	19.	 Wang D, Sun JP, Lee AP, Ma GS, Yang XS, Yu C et al (2015) 
Evaluation of left ventricular function by three-dimensional 
speckle-tracking echocardiography in patients with myocardial 

bridging of the left anterior descending coronary artery. J Am Soc 
Echocardiogr 28(6):674–682

	20.	 Danad I, Uusitalo V, Kero T, Saraste A, Raijmakers PG, Lam-
mertsma AA, Heymans MW, Kajander SA, Pietilä M, James S, 
Sörensen J, Knaapen P, Knuuti J (2014) Quantitative assessment 
of myocardial perfusion in the detection of significant coronary 
artery disease: cutoff values and diagnostic accuracy of quantita-
tive [(15)O]H2O PET imaging. J Am Coll Cardiol 64(14):1464–
1475. https://​doi.​org/​10.​1016/j.​jacc.​2014.​05.​069

	21.	 Austen W, Edwards J, Frye R, Gensini G, Gott V, Griffith L et al 
(1975) A reporting system on patients evaluated for coronary 
artery disease. Report of the Ad Hoc Committee for Grading of 
Coronary Artery Disease, Council on Cardiovascular Surgery, 
American Heart Association. Circulation 51(4):5–40

	22.	 Uusitalo V, Saraste A, Knuuti J (2016) Multimodality imaging 
in the assessment of the physiological significance of myocardial 
bridging. Curr Cardiol Rep 18(1):2

	23.	 Kim SS, Ko SM, Song MG, Hwang HG (2011) Systolic luminal 
narrowing and morphologic characteristics of myocardial bridg-
ing of the mid-left anterior descending coronary artery by dual-
source computed tomography. Int J Cardiovasc Imaging 27(Suppl 
1):73–83

	24.	 Nesterov SV, Han C, Mäki M, Kajander S, Naum AG, Helenius H 
et al (2009) Myocardial perfusion quantitation with 15O-labelled 
water PET: high reproducibility of the new cardiac analysis soft-
ware (Carimas). Eur J Nucl Med Mol Imaging 36(10):1594–1602

	25.	 Kobayashi Y, Tremmel JA, Kobayashi Y, Amsallem M, Tanaka 
S, Yamada R et al (2015) Exercise strain echocardiography in 
patients with a hemodynamically significant myocardial bridge 
assessed by physiological study. J Am Heart Assoc 4(11):e002496

	26.	 Jhi JH, Cho KI, Ha J, Jung CW, Kim BJ, Park SO et al (2011) 
Alteration of left ventricular function with dobutamine chal-
lenge in patients with myocardial bridge. Korean J Internal Med 
26(4):410

	27.	 Duygu H, Ozerkan F, Zoghi M, Nalbantgil S, Kirilmaz B, Akilli 
A et al (2007) Objective ischemic evidence in patients with myo-
cardial bridging: ultrasonic tissue characterization with dobu-
tamine stress integrated backscatter. J Am Soc Echocardiogr 
20(6):717–723

	28.	 Liu S, Yang Q, Chen J, Wang X, Wang M, Liu C (2010) Myo-
cardial bridging on dual-source computed tomography: degree 
of systolic compression of mural coronary artery correlating 
with length and depth of the myocardial bridge. Clin Imaging 
34(2):83–88

	29.	 Knuuti J, Wijns W, Saraste A, Capodanno D, Barbato E, Funck-
Brentano C et al (2020) 2019 ESC guidelines for the diagnosis 
and management of chronic coronary syndromes. Eur Heart J 
41:407–477

	30.	 Yamabe S, Yamada A, Kawada Y, Ueda S, Hoshino N, Hoshino 
M et al (2022) Association of resting left ventricular global longi-
tudinal strain with myocardial perfusion abnormalities evaluated 
by 13 N-ammonia positron emission tomography in patients with 
stable angina pectoris and normal left ventricular ejection frac-
tion. Echocardiography 39(12):1555–1562

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.jacc.2014.05.069

	The effects of myocardial bridging on two-dimensional myocardial strain during dobutamine stress echocardiography
	Abstract
	Introduction
	Methods
	Dobutamine stress echocardiography
	Image acquisition
	Two-dimensional speckle-tracking strain analysis
	Coronary computed tomography angiography
	Positron emission tomography
	Invasive coronary angiography and FFR
	Statistical analysis

	Results
	Two-dimensional strain during dobutamine stress in patients with MB
	Two-dimensional strain during dobutamine stress in patients with MB, obstructive CAD and controls
	Relation between stress myocardial blood flow and two-dimensional strain during dobutamine stress in patients with MB

	Discussion
	Study limitations

	Conclusions
	References


