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Abstract
Aims: Angina and no obstructive coronary artery disease (ANOCA) is common. A potential cause of angina 
in this patient population is a myocardial bridge (MB). We aimed to study the anatomical and haemody-
namic characteristics of an MB in patients with ANOCA.

Methods and results: Using intravascular ultrasound (IVUS), we identified 184 MBs in 154 patients. We 
evaluated MB length, arterial compression, and halo thickness. MB muscle index (MMI) was defined as 
MB length×halo thickness. Haemodynamic testing of the MB was performed using an intracoronary pres-
sure/Doppler flow wire at rest and during dobutamine stress. We defined an abnormal diastolic fractional 
flow reserve (dFFR) as ≤0.76 during stress. The median MB length was 22.9 mm, arterial compression 
30.9%, and halo thickness 0.5 mm. The median MMI was 12.1. Endothelial and microvascular dysfunc-
tion were present in 85.4% and 22.1%, respectively. At peak dobutamine stress, 94.2% of patients had 
a dFFR ≤0.76 within and/or distal to the MB. MMI was associated with an abnormal dFFR.

Conclusions: In select patients with ANOCA who have an MB by IVUS, the majority have evidence of 
a haemodynamically significant dFFR during dobutamine stress, suggesting the MB as being a cause of 
their angina. A comprehensive invasive assessment of such patients during coronary angiography provides 
important diagnostic information that can guide management.
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Invasive assessment of a myocardial bridge

Abbreviations
Ach acetylcholine
ANOCA angina and no obstructive coronary artery disease
CCTA coronary computed tomography angiography
dFFR diastolic fractional flow reserve
ICA invasive coronary angiography
IMR index of microcirculatory resistance
IVUS intravascular ultrasound
LAD left anterior descending artery
MB myocardial bridge
MMI myocardial bridge muscle index
MPB maximum plaque burden

Introduction
Patients with angina and no obstructive coronary artery disease 
(ANOCA) are common in clinical practice1, but remain a chal-
lenge with regard to diagnosis and treatment. When these patients 
undergo a comprehensive evaluation at the time of invasive coro-
nary angiography (ICA), occult coronary abnormalities, including 
endothelial dysfunction, microvascular dysfunction, and/or a myo-
cardial bridge (MB), are frequently found2,3. The overall pre-
valence of an MB varies greatly, depending on the cohort studied 
and the type of imaging test performed4. Studies utilising coronary 
computed tomography angiography (CCTA) have reported a pre-
valence of ~30% in the general population5. Based on our previ-
ous work, the prevalence seen in patients with ANOCA is nearly 
double2,6,7, raising the suspicion that MBs are a relatively common 
cause of angina in this patient subset.

An MB is an anatomical variant in which the coronary artery is 
covered by myocardium for a varying degree of length, depth, and 
location. MBs are well known to be missed on ICA, with only ~5% 
showing the classic milking effect8. Instead, intravascular ultrasound 
(IVUS) identifies MBs with greater accuracy and is considered the 
invasive gold standard for detection of an MB9. Traditionally, MBs 
were thought to be universally benign because the coronary artery fills 
during diastole, while compression from the bridge occurs in systole. 
However, early studies using IVUS and Doppler flow demonstrated 
that arterial compression can persist into early diastole, thus affect-
ing flow10. Further advances demonstrated that dobutamine rather 
than adenosine is most likely to evoke the dynamic compression 
of an MB, and that diastolic fractional flow reserve (dFFR), rather 
than FFR, is the preferred test for haemodynamic significance11,12.

Here, we investigated the anatomical and functional characteristics 
of MBs in patients with ANOCA. Our aim was to demonstrate the 
application of a contemporary and comprehensive invasive evaluation 
in determining the extent to which haemodynamically significant 
MBs might contribute to angina in this challenging patient subset.

Methods
STUDY POPULATION
We prospectively enrolled patients between August 2011 and 
October 2018 who had persistent (>3 months) typical/atypical 
angina13 and a suspected MB based on CCTA and/or the presence 
of focal septal buckling with apical sparing on stress echocardio-
graphy (Figure 1)7. The CCTA and/or stress echocardiogram was 
ordered at the discretion of the treating physician. Patients with 

Patients seeking a cardiology 
evaluation for persistent typical 

or atypical anginal symptoms

Stress echocardiography
and/or coronary CT angiography

suggestive of a myocardial bridge
No suggestion of an MB on stress

echocardiogram or 
coronary CT angiography

Maximally tolerated medical 
management

Ongoing symptoms

Invasive coronary angiography and 
intravascular ultrasound to confirm 

presence of an MB and evaluate 
its anatomical characteristics

n=199

Dobutamine stress dFFR and 
Doppler flow velocity measurements 

to study the haemodynamic 
significance of an MB

n=154

Excluded
– Patients with non-cardiac chest pain
– Other potential cause of angina, such as 

pulmonary hypertension, hypertrophic 
cardiomyopathy, or valvular disease

– Evidence of obstructive CAD (stenosis >50%)
– Previous myocardial infarction, heart transplantation
– Prior surgical unroofing of an MB or coronary artery 

bypass grafting (CABG)

Excluded
– No evidence of an MB (n=30)
– Very small LAD diameter (n=5)
– Technical difficulties (n=9)
– Iatrogenic dissection (n=1)

Figure 1. Patient selection criteria and evaluation performed. dFFR: diastolic fractional flow reserve; MB: myocardial bridge
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Figure 2. Left anterior descending artery with an MB on coronary angiography and corresponding longitudinal IVUS. A) Left anterior 
descending artery with an MB on coronary angiography with longitudinal IVUS. The green dotted line represents the MB. S1-S5 are septal 
perforators. D1-D2 are diagonal branches. The blue arrow points to the MPB (53%), located 16.9 mm proximal to the entrance of the MB. 
B) Arterial compression, MPB and halo thickness on IVUS. Upper panel: end-diastolic and end-systolic IVUS with 42.3% arterial compression. 
Middle panel: MPB of 53% and maximal MB halo thickness of 1.10 mm. Orange arrows point to the location of the MPB and maximum halo 
thickness on IVUS (lower panel). IVUS: intravascular ultrasound; MB: myocardial bridge; MPB: maximum plaque burden; VA: vessel area

ongoing anginal symptoms despite maximally tolerated medical 
management who were referred for invasive testing were consid-
ered for inclusion in the study. Symptoms were quantified by the 
Seattle Angina Questionnaire. Patients underwent ICA to rule out 
obstructive coronary artery disease (CAD), IVUS to confirm the 
presence of an MB and define its anatomical characteristics, and 
dobutamine stress testing with intracoronary pressure and flow 
measurements to assess the haemodynamic significance of the 
MB, if present. A subset of these patients also underwent endothe-
lial and microvascular testing (Supplementary Figure 1). The 
study was approved by the Stanford Institutional Review Board, 
and complied with the Declaration of Helsinki. Written informed 
consent was obtained from each patient.

INVASIVE CORONARY ANGIOGRAPHY
Oral negative chronotropic agents and vasodilators were discon-
tinued two days prior to the procedure. ICA was performed in 
multiple standard views using a 6 Fr guiding catheter from the 
femoral approach.

INTRAVASCULAR ULTRASOUND
IVUS was performed using a 40-MHz mechanical IVUS catheter 
(Atlantis SR Pro2™; Boston Scientific, Marlborough, MA, USA), 
placed as far distally in the LAD as safely possible. Recordings 
were obtained during an automated pullback at 0.5 mm/sec; resting 

IVUS was also perfomed within the MB to obtain the maximal arte-
rial compression at a single location (Figure 2A). Qualitative and 
quantitative evaluations were performed with echoPlaque (INDEC 
Systems, Santa Clara, CA, USA) by the Stanford Cardiovascular 
Core Analysis Laboratory. An MB was identified by the presence 
of an echolucent half-moon sign (halo) and/or arterial compression 
>10% (Figure 2B)10.The methodology of the IVUS measurements 
is detailed in Supplementary Appendix 114.

INVASIVE HAEMODYNAMIC ASSESSMENT
Haemodynamic measurements were made with the ComboWire® 
XT Pressure and Flow Wire (Volcano Corp., San Diego, CA, USA). 
Pressure and Doppler flow velocity waveforms were measured 
proximal, within, and distal to the MB at rest and at peak dob-
utamine stress (Figure 3). Dobutamine was given intravenously 
(IV) in increments of 10-20 µg/kg/min every three minutes until 
at least 85% of the maximal heart rate for age was achieved or 
a maximal dose of 50 µg/kg/min with up to 1.0 mg atropine was 
administered. ComboWire recordings were analysed offline on 
the ComboMap console. Doppler flow velocities were measured 
at peak flow in diastole. Using a digital calliper, Pd/Pa (coronary 
artery pressure/aortic pressure) was measured at rest and at peak 
stress in diastole 3-5 times/beat, and averaged using 2-3 beats, to 
get an average dFFR at rest and at peak stress. A dFFR ≤0.76 was 
considered haemodynamically significant11.
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ENDOTHELIAL FUNCTION AND CORONARY PHYSIOLOGY 
ASSESSMENT
A subset of the patients underwent endothelial (n=89) and 
microvascular (n=88) function testing, as previously described2. 
Endothelial dysfunction was diagnosed if the minimal lumen dia-
meter of an epicardial coronary artery decreased by >20% from 
baseline15. Microvascular dysfunction was defined as an index of 
microcirculatory resistance (IMR) ≥2516. We also measured coro-
nary flow reserve and adenosine FFR.

STATISTICAL ANALYSIS
Normality of the data was determined using the histogram plots. 
Results are expressed as median (minimum-maximum value). Chi-
square tests were used to assess differences between categorical 
variables. Mann-Whitney U tests were used to assess differences 
between continuous variables. Variables in Supplementary Table 1 
and MB anatomical characteristics were tested for their associa-
tion with a dFFR ≤0.76 in univariable logistic regression analyses. 
Variables with p<0.2 were included in the multivariable forward 
stepwise logistic regression analysis. Less significant univariables 
correlating significantly with other variables in the model were 
removed to avoid multicollinearity. A p-value <0.05 was consid-
ered statistically significant. Statistical analyses were performed 
using NCSS 11 (NCSS, Kaysville, UT, USA).

Results
CLINICAL CHARACTERISTICS
Supplementary Table 1 shows the clinical characteristics by 
sex. Typical and atypical angina was present in 119 (77.3%) and 
35 (22.7%) patients, respectively. Cardiac risk factors were less 
prevalent than in a traditional CAD population, although patients 
were taking several cardiac medications for angina. Prior to inva-
sive testing, 115 patients underwent exercise/dobutamine stress 

echocardiography, of whom 76 (66.1%) had reproducible chest 
pain/dyspnoea with stress. No traditional wall motion abnormali-
ties were detected at rest or at stress. Focal septal buckling with 
apical sparing was present in 100 (86.9%) patients, and 31 (26.5%) 
had ST-segment depression ≥1 mm with stress. CCTA was per-
formed in 97 patients, demonstrating an MB in 94 (96.9%).

IVUS FINDINGS
We identified 184 MBs in 154 patients, with 28 (18.2%) patients 
having a second distal MB. One patient had three MBs. A halo 
was present in 151 (98%) patients. The remaining three had arte-
rial compression ≥10%. Multiple sex differences in MB anatomi-
cal characteristics were identified (Table 1). All patients had an 
atherosclerotic plaque proximal to the MB that was typically not 
appreciable by ICA. A higher arterial compression was associated 
with a greater maximum plaque burden (MPB) (Spearman rank 
correlation=0.18; 95% CI: 0.05-0.36; p=0.03).

HAEMODYNAMIC FINDINGS
At peak dobutamine stress, 142 (92.2%) patients reported angina 
and 145 (94.2%) had a dFFR ≤0.76. At peak stress, dFFR did not 
change proximal to the MB, but decreased significantly within and 
distal to the MB, with 131 (85.1%) having a dFFR ≤0.76 within 
the MB and 97 (62.9%) having a dFFR ≤0.76 distally (Table 2, 
Figure 4A). At rest, peak Doppler flow velocity was significantly 
higher within the MB than proximal and distal to the MB, and 
the characteristic “fingertip” Doppler flow pattern was observed 
in 136 (88.3%) patients. At stress, Doppler flow velocity increased 
significantly in all segments (Figure 4B), with the greatest increase 
within the MB. Systolic flow reversal within the MB at peak stress 
was seen in 108 (74.5%) patients (Figure 3). Men had significantly 
lower stress dFFR than women (0.63 [0.20-0.86] vs 0.70 [0.24-0.90]; 
p=0.02). This sex difference was not seen in Doppler flow velocity.

Figure 3. Pressure and Doppler flow velocity at rest and at dobutamine stress. At rest, there was no significant difference in the diastolic 
pressures between the aorta (red tracing) and the coronary artery (yellow tracing). At peak stress, there was no significant difference in the 
pressures proximally, while there was a significant difference in the diastolic pressures within the MB, and a moderate difference distally.
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FACTORS ASSOCIATED WITH dFFR ≤0.76
Univariable correlates of a dFFR ≤0.76 (Supplementary 
Table 2) were included in the multivariable regression analysis. 
Since MB muscle index (MMI) and MB length are highly cor-
related (Spearman rank correlation=0.87, p<0.001), only MMI 
was included in the analysis. On multivariable analysis, MMI 

(OR 2.89 [1.05-4.99], p=0.039) and high-density lipoprotein (HDL) 
(0.86 [0.75-0.98], p=0.024) were associated with a dFFR ≤0.76.

MB MUSCLE INDEX AND dFFR
A receiver operating characteristic curve was plotted to establish 
a value of MMI that identifies a dFFR ≤0.76. MMI by IVUS was 

Table 1. Anatomical characteristics of the MBs by sex, assessed using IVUS.

Characteristics
Total population 

(n=154)
Women  
(n=101)

Men  
(n=53)

p-value

Halo thickness, mm 0.50 (0.14-2.32) 0.48 (0.17-2.2) 0.58 (0.14-2.32) 0.001

MB length, mm 22.9 (3.0-68.9) 20.3 (3.0-59.7) 25.8 (6.57-68.9) 0.002

MB muscle index 12.1 (0.92-72.2) 10.2 (1.6-56.9) 16.7 (0.92-72.2) <0.001

Arterial compression, % 30.9 (8.0-58.6) 28.6 (8-58.6) 36.7 (16.7-57) <0.001

Number of septal branches within the MB 2 (0-7) 2 (0-7) 3 (1-7) 0.008

Proximal MPB, % 34 (10-72) 26.9 (13.5-56.5) 44 (10-72) <0.001

Distance of MPB from the entrance of the MB, mm 21.9 (3.4-57.5) 22.7 (3.4-57.5) 20.9 (7.1-55.2) 0.79

MB: myocardial bridge; MPB: maximum plaque burden
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Figure 4. Box plot representing dFFR and Doppler flow velocity at rest and peak dobutamine stress. A) Box plots representing dFFR at rest (1) 
and at peak dobutamine stress (2) in all three segments. None of the patients had a dFFR ≤0.76 at rest. B) Box plots representing Doppler flow 
velocity at rest (1) and at peak dobutamine stress (2).
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highly predictive of a dFFR ≤0.76 (area under the curve=0.90; 95% 
CI: 0.83-0.94; p<0.001) (Supplementary Figure 2). An MMI ≥5.05 
by IVUS identified a dFFR ≤0.76 with a sensitivity of 86.0% (95% 
CI: 79.2-91.2%) and a specificity of 88.9% (95% CI: 51.7-99.7%). 
All patients with an MMI >12.2 had a dFFR ≤0.76.

ENDOTHELIAL AND MICROVASCULAR DYSFUNCTION
Supplementary Table 3 shows the details of endothelial and micro-
vascular dysfunction testing. Endothelial dysfunction was present 
within the MB in 76 (85.4%) patients (Supplementary Figure 3) 
and 19 (22.9%) had microvascular dysfunction.

ADENOSINE FFR
The median FFR was 0.85 (0.62-0.95). FFR ≤0.8 was present in 
21 (24.4%) patients. Patients with FFR ≤0.8 had a significantly 
higher MPB proximal to the MB (Supplementary Table 4).

Discussion
We present the most comprehensive invasive anatomical and 
haemodynamic assessment of MBs as a potential cause of 
ANOCA. The salient findings of our study are the following. 
1) Among patients with ANOCA and evidence of an MB, the MB 
is often haemodynamically significant. 2) Anatomical characteris-
tics of an MB by IVUS, particularly MMI, can be used to identify 
the haemodynamic significance of an MB. 3) An atherosclerotic 
plaque, which is generally not appreciated on ICA, appears to be 
universally present proximal to an MB. 4) There are several sex 
differences in the anatomical characteristics of MBs by IVUS, 
which translate to sex differences with haemodynamic signifi-
cance. 5) Other occult coronary abnormalities, especially endothe-
lial dysfunction, are frequently present in patients with an MB.

ANOCA is a common, but poorly understood condition that 
can be challenging for patients and providers, and puts an eco-
nomic strain on the healthcare system17. Most diagnostic tests are 
designed to rule out obstructive CAD and are insufficient in this 
patient population; therapies are available, but understudied18,19. 
A further discussion of stress testing and CCTA in this patient 
population can be found in Supplementary Appendix 26,7,18,20.

Still, the evidence that occult coronary abnormalities, including 
endothelial and microvascular dysfunction, are a common find-
ing in these patients has been mounting for years2, and diagnostic 
testing has continued to evolve11,16. Using routine IVUS, we have 
shown that 58% of patients with ANOCA have an MB, which 
is higher than expected in the general population2. However, the 
presence of an MB does not mean that it is causing symptoms, 
making it important to distinguish MBs that are haemodynami-
cally significant from those that are simply incidental. In the cur-
rent study, we demonstrated that, in a select group of patients 
with an MB and persistent angina despite maximally tolerated 
medical therapy, 94.2% of MBs are haemodynamically signi-
ficant. This has implications for guiding therapy (Supplementary 
Appendix 3)21-23.

Our study confirms previous findings that adenosine FFR is 
insufficient for determining whether or not an MB is haemo-
dynamically significant. In patients who underwent both mean 
adenosine FFR and dobutamine dFFR, 91.2% had a dFFR ≤0.76, 
while only 24.4% had an FFR ≤0.80, and only 15.1% had an 
FFR ≤0.76. This discrepancy is based on the fact that an MB is 
a dynamic stenosis rather than a fixed stenosis, primarily affect-
ing diastole rather than both systole and diastole (Supplementary 
Appendix 4)11,12. In addition, while dobutamine has been shown 
to be equivalent to adenosine for a fixed stenosis, the use of dob-
utamine rather than adenosine has been shown to be important 
in evaluating an MB12,24. Still, in our study, nearly a quarter of 
patients had an abnormal mean adenosine FFR, suggesting that 
MBs are often narrowed enough to act as a fixed stenosis. This 
may be due to the inability of the bridged segment ever to recover 
fully during diastole and/or the smaller size of the bridged segment 
due to negative remodelling25. In addition, progression of MPB 
proximal to the MB may contribute to flow limitations within the 
artery. Instantaneous wave-free ratio (iFR), a diastole-only index, 
has also been shown to be superior to FFR in MB haemodynamic 
assessment26, although validation of iFR against stress dFFR for 
MB assessment is needed.

We again showed that patients are more likely to have a signi-
ficant dFFR within, rather than distal to, an MB27. Consistent with 
this, Doppler flow velocity increases significantly within the MB 
compared with distally, and the higher the Doppler flow velocity, 
the lower the dFFR within the MB at stress. Our data highlight the 
importance of measuring dFFR within the MB, as well as distal to 
it. They also reassure operators who are unable to pass a pressure 
wire distal to the MB that a measurement within the MB is suffi-
cient over 90% of the time.

Because MBs are often underappreciated on ICA9, intravascu-
lar imaging is important, not only for identification or confirm-
ation of an MB, but also for anatomical characteristics that might 
suggest haemodynamic significance. Specifically, we have demon-
strated that MMI by IVUS is associated with a dFFR ≤0.76. It is 
presumed that longer MBs with greater halo thickness exert more 
compressive effects, thus leading to an increased flow velocity and 
reduced perfusion pressure within the MB.

Table 2. dFFR and Doppler flow velocity measurements proximal, 
within, and distal to the MB at rest and at peak dobutamine stress.

Rest Stress p-value
Proximal to the MB
dFFR 1.00 (0.92-1.00) 1.00 (0.72-1.00) 0.85

Doppler flow velocity 25 (15-95) 70 (35-180) <0.001

Within the MB
dFFR 0.96 (0.85-1.00) 0.70 (0.20-0.85) <0.001

Doppler flow velocity 55 (20-100) 130 (50-250) <0.001

Distal to the MB
dFFR 0.95 (0.80-1.00) 0.68 (0.24-0.90) <0.001

Doppler flow velocity 30 (15-75) 80 (50-200) <0.001

dFFR: diastolic fractional flow reserve; MB: myocardial bridge
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It has been shown that the vessel within an MB is generally free 
of any atherosclerotic plaque, while the vessel proximal to an MB 
is at increased risk for atherosclerosis28. Our study adds to this by 
demonstrating that an atherosclerotic plaque is universally found 
proximal to an MB in patients with ANOCA. The high detection 
of plaque in our study is probably due to the use of intravascular 
imaging, as we have previously shown that these plaques are com-
monly missed on CCTA6. This development of proximal plaque is 
thought to be due to flow disturbances, specifically dynamic ret-
rograde flow, created by compression of the bridged artery10,14,29. 
This is supported by our finding of a direct correlation between 
arterial compression and MPB proximal to the MB. This identifi-
cation of subclinical atherosclerosis in patients with angina and an 
MB has implications for prevention, specifically raising the ques-
tion of whether a statin and aspirin should be considered in such 
patients. It has previously been shown that the plaque proximal to 
an MB may increase the risk of a myocardial infarction14.

More women than men have ANOCA, but it has been suggested 
that MBs are more common in men than in women30. These data 
are notably older and based on findings during ICA, which may 
have confounded the results. Not only were men more likely 
to undergo ICA, but we show here that MBs in men are longer 
and deeper, and have more arterial compression, which probably 
makes them more angiographically apparent. In our study, more 
women than men had an MB, but our study is comprised of more 
women. Therefore, we can draw no conclusions with regard to the 
prevalence of MBs, either in the general population or between 
women and men. However, it is notable that, among women and 
men presenting with ANOCA, there are more severe anatomical 
characteristics among men, which may translate to a sex differ-
ence in haemodynamic significance.

Finally, it is important to note that other occult coronary 
abnormalities are often seen in patients with an MB, especially 
endothelial dysfunction. We found that 87.3% of patients had 
endothelial dysfunction within their MB, similar to a previous 
study31. Microvascular dysfunction may also be present and, as 
expected, any of these occult coronary abnormalities may occur 
in isolation or in various combinations2. As such, a comprehen-
sive invasive assessment during ICA, which includes endothelial 
and microvascular function testing, IVUS for detection of an MB 
and subclinical atherosclerosis, and haemodynamic testing of the 
MB, if present, is necessary for the full evaluation of patients with 
ANOCA. This thorough diagnostic evaluation can guide therapy, 
and may ultimately result in an improvement in patients’ symp-
toms and quality of life32.

Limitations
This is a relatively small, single-centre study. Patients had a high 
suspicion of an MB based on non-invasive testing and also had 
persistent angina despite medical therapy, so these results would 
not be applicable to all patients with an MB, nor would we advo-
cate invasive testing in all patients. All investigations were per-
formed in the LAD, potentially limiting the applicability of the 

findings in other vessels, although MBs mostly (70-98%) involve 
the LAD. A dFFR ≤0.76 was used for haemodynamic significance 
of an MB based on a previous study11, but this cut-off value has 
not been validated, and whether it represents haemodynamic sig-
nificance of an MB is unknown. Our study lacked a control group 
comprised of asymptomatic patients with an MB. However, we 
could not ethically justify invasive testing with its inherent risks in 
asymptomatic individuals. We did not include outcome data here 
as it will be reported in a separate study.

Conclusions
Haemodynamically significant myocardial bridging is an impor-
tant diagnosis among patients with ANOCA. For those with per-
sistent angina despite medical therapy, a comprehensive invasive 
assessment, including MB testing with IVUS and dobutamine 
dFFR, can provide diagnostic information that is expected to 
guide therapy and improve clinical outcomes.

Impact on daily practice
A myocardial bridge (MB), while often overlooked, is a poten-
tial cause of angina in patients with angina and no obstruc-
tive CAD. Most MBs are not appreciated by invasive coronary 
angiography, but can be identified with stress echocardiography 
(focal septal buckling with apical sparing), CCTA, and/or intra-
vascular ultrasound (IVUS). A comprehensive invasive assess-
ment, including MB testing with IVUS and dobutamine diastolic 
fractional flow reserve (dFFR), can provide important diagnos-
tic information that may guide therapy and improve patients’ 
symptoms and quality of life.
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Supplementary data  

Supplementary Appendix 1. Detailed methodology of IVUS measurements 

MB length was measured in mm from the appearance of the halo until its disappearance distally. 

Halo thickness was measured at a single location during peak systole. Arterial compression was 

calculated as: 100×(diastolic vessel area–systolic vessel area)/diastolic vessel area. The number 

of septal branches arising within the MB was recorded. We assessed a second MB, if present. 

Maximum plaque burden (MPB) was calculated proximal to the MB as: (vessel area–lumen 

area)/vessel area (%) at the location of the largest plaque burden (Figure 2B). We calculated MB 

muscle index (MMI) as the MB length×halo thickness (mm) [14]. 

 

Supplementary Appendix 2. Accuracy of non-invasive tests for identifying an MB 

Current conventional non-invasive stress testing has poor diagnostic accuracy to identify the 

ischaemia caused by an MB [18]. Focal septal buckling with apical sparing on stress echo has a 

good accuracy for the identification of an MB in patients with ANOCA [7]. We also showed that 

CCTA is nearly as good as IVUS in identifying an MB and its anatomical characteristics. MMI 

by CCTA has moderate sensitivity and specificity to identify a significant dFFR [6]. However, 

CCTA-based FFR does not correlate with invasively measured dobutamine-stress dFFR, 

adenosine FFR, or with systolic coronary compression, suggesting that CCTA-based FFR may 

not currently be adequate for the non-invasive haemodynamic assessment of an MB [20].  

 

Supplementary Appendix 3. Therapy for a symptomatic myocardial bridge 

Beta-blockers are generally considered first-line therapy for MBs, while calcium channel 

blockers are also suggested [21,22]. In patients who have intolerable symptoms despite 

maximally tolerated medical management, surgical unroofing can also be considered. We have 

demonstrated significant improvement in symptoms and quality of life following surgical 

unroofing of an MB [23].  

 



Supplementary Appendix 4. Discrepancy between adenosine FFR and dobutamine dFFR 

with myocardial bridging 

Mean adenosine FFR is insufficient for assessing an MB because an MB is a dynamic stenosis 

rather than a fixed stenosis, primarily affecting diastole rather than both systole and diastole. For 

a fixed stenosis, there is a similar drop in systolic and diastolic pressures across the stenosis, so 

that the mean drop in pressure can be used in determining haemodynamic significance. By 

contrast, the primary haemodynamic disturbance generated by an MB occurs in diastole, 

particularly early diastole, where there is a delay in luminal diameter recovery due to arterial 

compression from the MB [11]. Furthermore, within an MB, there is an increase in the peak 

systolic pressure as the vessel is compressed, which may even surpass the systolic aortic pressure 

(systolic overshoot), and result in retrograde systolic flow. This increase in systolic pressure 

raises the mean FFR, resulting in an underestimation of the pressure gradient being generated in 

diastole. 

 

In addition, the use of dobutamine rather than adenosine has been shown to be important in 

evaluating an MB. The chronotropic and inotropic effects of dobutamine more closely simulate 

the dynamic stenosis generated by an MB than the simple vasodilatory effects of adenosine [12]. 



 

 

 

 

Supplementary Figure 1. Comprehensive invasive assessment during ICA to identify occult coronary abnormalities as a cause of 

ANOCA. 



 

 

 

Supplementary Figure 2. ROC to calculate the value of MB muscle index that predicts the presence of a dFFR 0.76. 

Area under the curve: 0.90; 95% CI: 0.83–0.94; p<0.001. 



 

Supplementary Figure 3. Demonstrative example of endothelial dysfunction within an MB shown on a still frame of a coronary 

angiogram. 

A) Baseline coronary angiogram. Yellow dotted line represents the MB segment in the LAD. 

B) Coronary angiogram post 100 µg acetylcholine. Yellow dotted line represents the constricted MB segment with endothelial 

dysfunction.  

MB: myocardial bridge 



Supplementary Table 1. Clinical characteristics of patients with an MB who underwent 

invasive assessment. 

 

Variable Women  

N=101 

Men 

N=53 

Age, years 49 (18–73) 52 (22–76) 

Body mass index, kg/m2 25.1 (17.4–40.4) 26.2 (18.3–39.7) 

Race/ethnicity, n (%) 

American Indian/Alaska native 

Asian/East Indian 

African American 

Hispanic 

Caucasian 

Other 

 

2 (1.9) 

8 (7.9) 

2 (1.9) 

12 (11.9) 

69 (68.3) 

8 (7.9) 

 

0 

5 (9.4) 

0 

5 (9.4) 

38 (71.7) 

5 (9.4) 

Hypertension, n (%) 33 (32.7) 15 (28.2) 

Diabetes mellitus, n (%) 7 (6.9) 6 (11.3) 

Dyslipidaemia, n (%) 34 (33.7) 21 (39.6) 

Current smoking, n (%) 5 (4.9) 5 (9.4) 

Family history of CAD, n (%) 17 (16.8) 9 (16.9) 

Medications, n (%)   

Aspirin 53 (52.5) 35 (66.0) 

Beta-blockers 47 (46.5) 29 (54.7) 

CCB 30 (29.7) 16 (30.2) 

ACEI/ARB 10 (9.9) 12 (22.6) 

Diuretics 9 (8.9) 3 (5.7) 

Statins 33 (32.7) 21 (39.6) 

Nitrates 26 (25.7) 13 (24.5) 

Total cholesterol, mg/dL 169 (102–250) 170 (77–265) 

Triglycerides, mg/dL 71 (20–304) 56 (20–598) 

LDL, mg/dL 94 (20–164) 93 (18–171) 



HDL, mg/dL 60 (33–88) 48 (27–97) 

Fasting glucose, mg/dL 96 (62–239) 100 (77–216) 

HbA1c, %  5.3 (4.3–9.9) 5.3 (4.6–6.9) 

Seattle Angina Questionnaire 

Physical limitation 

Anginal stability 

Angina frequency 

Treatment satisfaction 

Quality of life 

 

68 (35–86) 

40 (0–80) 

50 (10–77) 

88 (23–100) 

42 (0–75) 

 

80 (42–86) 

40 (0–60) 

60 (0–80) 

88 (41–100) 

54 (0–83) 

Variables are expressed as median (minimum and maximum values).  

ACEI: angiotensin-converting enzyme inhibitors; ARB: angiotensin receptor blockers; CAD: 

coronary artery disease; CCB: calcium channel blocker; HbA1c: haemoglobin A1c; HDL: high-

density lipoprotein; LDL: low-density lipoprotein 



Supplementary Table 2. Univariable logistic regression analysis to identify variables 

associated with any dFFR 0.76. 

 Variable Odds ratio 

(95% CI) 

p-value 

Any dFFR ≤0.76 Halo thickness (mm) 17.5 (0.68–44.21) 0.057 

Length of MB (mm) 1.22 (1.07–1.40) 0.002 

Arterial compression (%) 1.09 (1.02–1.18) 0.013 

Proximal MPB (%) 1.06 (1.01–1.12) 0.036 

 MMI 1.29 (1.07–1.57) 0.008 

 Number of jailed septal branches 1.94 (0.91–4.41) 0.08 

 HDL, mg/dL 0.93 (0.88–0.98) 0.016 

 HbA1c, % 4.74 (0.61–6.41) 0.134 

 Male sex 4.96 (0.71–7.38) 0.133 

 Stress Doppler velocity within MB 1.04 (0.01–1.07) 0.01 

CI: confidence interval; dFFR: diastolic fractional flow reserve; HbA1c: haemoglobin A1c; 

HDL: high-density lipoprotein; MB: myocardial bridge; MMI: MB muscle index; MPB: 

maximum plaque burden 

 

  



Supplementary Table 3. Endothelial function testing and coronary physiology 

measurements in a subset of patients. 

 Women Men p-value 

Endothelial dysfunction, n (%) * 45 (81.8) 31 (91.2) 0.51 

FFR 0.85 (0.62–0.95) 0.83 (0.70–0.93) 0.22 

FFR ≤0.8, n (%) 14 (26.4) 7 (21.2) 0.58 

CFR 3.5 (1.8–9.9) 4.1 (1.4–9.7) 0.46 

IMR 18.9 (7.1–55) 19.5 (7.6–75) 0.68 

Microvascular dysfunction, n (%) 13 (25) 6 (18.2) 0.46 

* Endothelial function was tested in 55 women and 34 men. Coronary physiology was tested in 

53 women and 33 men. Variables are expressed as median (minimum and maximum values). 

CFR: coronary flow reserve; FFR: fractional flow reserve; IMR: index of microcirculatory 

resistance 

 

 

 

  



Supplementary Table 4. Anatomical characteristics of MB in patients with FFR ≤0.8 versus 

those with FFR >0.8. 

Characteristics FFR ≤0.8 

(n=21) 

FFR >0.8 

(n=65) 

p-value 

Halo thickness, mm 0.58 (0.24–1.25) 0.48 (0.14–1.23) 0.52 

MB length, mm 24.1 (9.61–68.9) 21.6 (3.0–59.1) 0.29 

MB muscle index 15 (3.1–51.5) 11 (0.92–72.2) 0.36 

Arterial compression, % 33.5 (16.3–54.1) 30.6 (8–58) 0.21 

Number of septal branches within the MB 

segment 

3 (1–7) 2 (0–7) 0.07 

Proximal MPB, % 36 (10–72) 23 (9–57) 0.048 

Distance of MPB from the proximal 

entrance of the MB (mm) 

23.9 (8.7–46.1) 20.9 (3.7–57.5) 0.57 

FFR: fractional flow reserve; MB: myocardial bridge; mm: millimetres; MPB: maximum plaque 

burden 

 


