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We aim to investigate if myocardial bridging (MB) provides predictive value beyond its association with
non-obstructive coronary artery disease (CAD) burden in a long-term follow-up and multicenter study.
This study included 4176 consecutive patients with suspected CAD underwent coronary computed
tomography angiography (CTA) at two hospitals in Wuhan, China, between September 2016 and
December 2017 for finial analysis. Kaplan-Meier method was used to estimate the cumulative event-
free survival of non-obstructive CAD burden and MB burden classifications, respectively. Further, cox
regression models were applied to calculate hazard ratios (HR) for increasing non-obstructive CAD and
MB burden classifications. In total, during the 6.04 years (interquartile range 5.73-6.32) follow-up,

276 (6.61%) patients occurred main adverse cardiovascular events (MACE). MB was found in 44% of
patients without CAD and in 40.5% of those with non-obstructive CAD. The annualized MACE rate was
1.07 (95% confidence interval (Cl): 0.92-1.24) for the no MB group and 1.13 (95% Cl: 0.95-1.34) for the
MB group. Univarite and Multivariate Cox regression showed that neither the depth nor the length

of MB was associated with the risk of MACE. However, after adjusting with sex, age, smoke, drink,
hypertension and diabetes, 2-vessel non-obstructive CAD and 3-vessel non-obstructive CAD showed
significant association with the risk of MACE, with HR of 1.53 (95% Cl: 1.06-2.21, P=0.023) and 1.93
(95% Cl: 1.32-2.82, P=0.001), respectively, using no CAD as the reference group. Non-obstructive CAD,
not presence of MB, is the main predictor of risk for future MACE in patients without obstructive CAD.
Prospective registries in the future should include validated quality of life measures and CT-FFR with
long-term outcomes to enhance the understanding of symptomatic burden and functional assessment
in MB risk stratification.

Keywords Myocardial bridging, Prognosis, Non-obstructive coronary artery disease, Coronary computed
tomography angiography

Abbreviations

MB Myocardial bridging

CTA Computed tomography angiography
CI Confidence interval

mLAD  Middle-left anterior descending artery
MACE  Main adverse cardiovascular events
MI Myocardial infraction

CAD Coronary artery disease

SCCT Society of Cardiovascular Tomography
MPR Multiple planar reformat

CPR Curve planar reformat
VR Volume rendering
MIP Maximum intensity projection
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HR Hazard ratios

ICA Invasive coronary angiography
CAC Coronary artery calcium

LAD Left anterior descending artery
LCX Left circumflex

RCA Right coronary artery

Myocardial bridging (MB) is a congenital variation of coronary artery that most frequently involves the
middle-left anterior descending artery (mLAD)'~*. The results derived from previous studies suggest that MB
has been considered as a benign incidental finding®~’. Nevertheless, recent reports reveal that the presence of
MB is associated with an increased risk of ischemia, acute coronary syndrome, non-fatal myocardial infarction
(MI) and death®3-!!. Furthermore, a recent meta-analysis report indicates that MB is associated with a poor
prognosis'2. Therefore, the prognosis of MB remains controversial, with the exact clinical significance still
unclear according to previous studies.

Previous studies mainly focus on the prognosis between MB and MI with non-obstructive coronary arteries
or non-obstructive coronary artery disease (CAD)®!?. Nonetheless, these studies primarily included patients
with stenosis due to coronary plaque, which might be a confounding factor influencing the results. Therefore, it
is still uncertain if the high risk of adverse events is due to the presence of MB or if it is related to its association
with stenosis from atherosclerotic plaque. In the current study, we aim to investigate the prevalence of MB
detected by coronary computed tomography angiography (CTA) and explore if the presence of MB provides
predictive value beyond its association with non-obstructive CAD burden in a long term follow-up study.

Methods
The trial protocol of this retrospective and observational study has been reviewed and approved by the ethics
committee of the Central Hospital of Wuhan, Tongji Medical College, Huazhong University of Science and
Technology. Written informed consent in the current study was waived as it was a retrospective observational
study design. We confirmed that all methods were performed in accordance with the relevant guidelines and
regulations.

Study population

This current study was conducted on 6581 consecutive patients with suspected CAD underwent coronary
CTA at two hospitals in Wuhan, China, between September 2016 and December 2017. Our previous research
has reported the rational details of the study with parts of patients!?. If the same patient underwent multiple
coronary CTA examinations during the study period, we select the earliest one to characterize CAD extent. The
inclusion and exclusion criteria of the study were as follows: Inclusion criteria consisted of patients who were
at least 18 years old and had a coronary CTA. The exclusion criteria included patients with inadequate imaging
quality, no record of CAD severity, a previous MI or revascularization, obstructive CAD, and those who dropped
out. Finally, 4176 patients in total were analyzed in the present study.

Coronary CTA protocol

Patients underwent coronary CTA examination based on the guidelines of Society of Cardiovascular
Tomography (SCCT)!. The following multi-detector CT scanners were used in the current study: Philips
Brilliance iCT (Philips Medical Systems, Best, the Netherlands); Aquilion 64 (Toshiba Medical Systems, Otawara,
Japan); Somatom Definition AS (Siemens Healthineers, Germany). Coronary anatomy was evaluated using
an 18-segment coronary artery tree. Curve planar reformat (CPR), volume rendering (VR), multiple planar
reformat (MPR) and maximum intensity projection (MIP) images were reconstructed based on coronary tree
segmentation. No CAD was defined as no visible stenosis in any coronary artery. Non-obstructive CAD was
defined as minimal or mild stenosis (1-49%) in any other epicardial coronary artery'®>. We noted the presence
of MB and defined MB as a segment of an epicardial coronary artery which overlaid by myocardium’. In this
study, we use two classifications according to the depth and length of MB. Superficial MB was defined as with
depth<2 mm and >2 mm was defined as deep MB®. Short MB was defined as with length <25 mm and >25 mm
was defined as long MB!¢.The test of depth and length of MB was attributed to the more proximal segment if a
coronary CTA case involving 2 MBs!”. Short-axis and CRP images were used to measure the depth of MB and
MPR images were used to measure the length of the MB.

Follow-up and endpoint

Main adverse cardiovascular events (MACE), defined as MI and stroke was the primary endpoint in this study.
The local Community Health Service Centers provided the status of MACE. If MACE occurs outside of the city,
we then ascertained the outcome through telephone call or medical records. The deadline date of follow-up was
April 30, 2022. We guarantee that no new research participants are added between the inclusion deadline and
the follow-up deadline.

Statistical analysis

Continuous variables were summarized as mean (+ standard deviation), and categorical variables as numbers and
percentages. Continuous variables were compared by using the one-way ANOVA test and categorical variables
were compared by using chi-square test, as appropriate. The positional correlation between MB and plaque in
non-obstructive CAD was determined using the Spearman correlation. We first used Kaplan-Meier method and
log-rank test to estimate the cumulative event-free survival of non-obstructive CAD burden and MB burden
classifications, respectively. Further, univariate and multivariate Cox proportional regression models were
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applied to calculate hazard ratios (HR) for increasing non-obstructive CAD and MB burden classifications. In
the current study, we used a two-sided P <0.05 as statistically significant. All statistical analyses were performed
using R statistical package (version 4.0, R foundation for Statistical Computing, Vienna, Austria) and MedCalc
Statistical Software (version16.8.4 Ostend, Belgium).

Results

In the final analysis, coronary CTA identified 2414 patients (57.8%) without MB and 1762 patients (42.2%)
with MB. The average age of the 4176 patients was 59.8 £9.9 years, and 39.8% (1663 of 4176) were male. There
is no significant difference between the no MB group and the MB group in the mean age and the proportion
of drink, hypertension, diabetes (all P>0.05). Higher proportion of male patients, patients with smoking and
no CAD was found in MB group. The most frequent location was LAD, accounting for 1554 of the 1762 MB
cases. The baseline characteristics of the current study patients were presented in Table 1. We have performed
the positional correlation between MB and plaque of non-obstructive CAD and indicated a relatively poor
correlation (supplementary Table 1). In addition, since MB and plaque are occasionally located in different
vessels (for instance, MB in the LAD and plaque in the RCA), we explored the relationship between MB and
plaque when they are in the same vessel. Out of the 711 cases where both plaque and MB were present in the
same branch, 667 (93.8%) of the plaques were found proximal to the MB segments, compared to 6.2% distal
(p<0.001).

As showed in Fig. 1. No MB group had a higher prevalence of non-obstructive CAD than that of MB group.
Among the patients with MB group, 49.5% had no CAD, 31.2% had 1-vessel non-obstructive CAD, 10.8% had
2-vessel non-obstructive CAD, and 8.5% had 3-vessel non-obstructive CAD.

During the 6.04-year follow-up period (interquartile range 5.73-6.32), 276 patients, accounting for 6.61%,
had MACE. The annualized MACE rate of the study patients was 1.09 (95% CI: 0.98-1.23). Furthermore, the
annualized MACE rate was 1.07 (95% CI: 0.92-1.24) for the no MB group and 1.13 (95% CI: 0.95-1.34) for
the MB group. In addition, the annualized MACE rate of the no CAD group and non-obstructive CAD group
was 0.65(95% CI: 0.52-0.81) and 1.49 (95% CI: 1.31-1.70), respectively (Table 2). Figure 2 showed a significant
association between the involvement vessel number of non-obstructive CAD and the increasing of cumulative
events (P<0.001). On the other hand, patients with MB did not show a significant difference in MACE rates
compared to those without MB (P=0.633). In addition, the classifications of depth (P=0.601) or length
(P=0.841) with MB did not show significant association with MACE.

We then performed additional analyses to evaluate the relative importance of MB burden versus non-
obstructive CAD burden for MACE. Both univariate and multivariate Cox regression analyses indicated that
there was no correlation between the depth or length of MB and the risk of MACE. However, after adjusting with
sex, age, smoke, drink, hypertension and diabetes, 2-vessel non-obstructive CAD and 3-vessel non-obstructive
CAD showed significant association with the risk of MACE, with HR of 1.53 (95% CI: 1.06-2.21, P=0.023) and
1.93 (95% CI: 1.32-2.82, P=0.001), respectively, using no CAD as the reference group (Table 3).

Discussion
In this retrospective observational multicenter study, we first investigate MACE rate during a 6.04-year follow-
up and observed that MB was found in 44% of patients without CAD and in 40.5% of those with non-obstructive
CAD. Moreover, the present study suggested that non-obstructive CAD, not MB, is the main predictor of future
MACE in patients without obstructive CAD.

Epidemiological studies have discovered that the prevalence of MB differs widely based on the methods used
to identify this anatomical variant. Necropsy series have reported that the incidence rate of MB ranges from 5

Overall (N=4176) | No MB (N=2414) | Any MB (N=1762) | P-value
Age (years) 59.8 (9.9) 60.0 (9.8) 59.5(10.0) 0.130
Male gender (%) 1663 (39.8) 924 (38.3) 739 (41.9) 0.018
Smoke (%) 924 (22.5) 501 (20.8) 439 (24.9) 0.020
Drink (%) 517 (12.4) 279 (11.6) 238 (13.5) 0.064
Hypertension (%) 1718 (41.1) 1004 (41.6) 714 (40.5) 0.504
Diabetes (%) 797 (19.1) 461 (19.1) 336 (19.1) 1.000
MB Location
LAD 1554 (37.2) - 1554 (88.2)
LCX 189 (4.5) - 189 (10.7)
RCA 19 (0.5) - 19 (1.1)
CAD <0.001
No CAD 1982 (47.5) 1109 (45.9) 873 (49.5)
1-vessel non-obstructive CAD | 1332 (31.9) 783 (32.4) 549 (31.2)
2-vessel non-obstructive CAD | 509 (12.2) 319 (13.2) 190 (10.8)
3-vessel non-obstructive CAD 353 (8.5) 203 (8.4) 150 (8.5)

Table 1. Baseline characteristics of the study population. MB myocardial bridging, CAD coronary artery
disease, LAD left anterior descending artery, LCX left circumflex, RCA right coronary artery.
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Fig. 1. Prevalence of patients with MB and no obstructive CAD in the present study. MB myocardial bridging,
CAD coronary artery disease.

to 86%!#1°. The current study showed that the prevalence of MB is 42.2%, which is similar or higher than the
previous retrospective and prospective studies®?’. Tarantini et al.. revealed that the average prevalence of MB was
25% in a recent review*. In addition, the depiction rate of MB in autopsy, coronary CTA and invasive coronary
angiography (ICA) has decreased in descending order according to recent meta-analysis studies?*?2. This trend
suggests that the detection rate of MB via coronary CTA is more consistent with autopsy results, which may be
attributed to the multiplane and 3-dimensional capabilities of new generation CT capable of refining MB%122,

The present study found a low rate of MACE during a median follow-up of 6.04 years and there was no
association between MB and the increased risk of MACE in patients without obstructive CAD. These findings
were in consistent with previous study reported by Rubinshtein et al.>. However, there were only 334 patients
enrolled in their study. Our sample size was larger within the similar follow-up time range. More importantly,
we performed a subgroup analysis and suggested that non-obstructive CAD, not MB, was the main predictor
of future MACE in patients without obstructive CAD. Recent studies have demonstrated that non-obstructive
was found in patients with poor prognosis than in those with no CAD?*-2%. Our study confirmed these findings.
Additionally, the presence of MB showed no significant impact on MACE in the cox regression analysis,
confirming that MB is a non-threatening finding in patients without obstructive CAD. Although some studies,
including a recent meta-analysis report, have showed that MB had an association with poor prognosis*®>12, it
may affect the results as the difference of non-obstructive CAD in no MB and MB groups was not considered
in these studies.

Length of MB in the present study varies widely (2 to 54 mm), which is similar to previous studies”?’.
Reports suggest that symptomatic patients are associated with long and/or deep MB, and the degree of proximal
endometrial lesions in MB is closely linked to the MB’s length and thickness?®. Moreover, the correlation
between deep MB and long MB and occurrence of MI has been reported in some autopsy studies?. The length
of coronary arteries stenosis without MB has been reported to accurately assess functional ischemia and related
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Number of patients | Number of MACE (%) | Annualized MACE (95% CI)
Overall 4176 276 (6.61) 1.09 (0.98-1.23)
MB Burden
No MB 2414 156 (6.46) 1.07 (0.92-1.24)
Any MB 1762 120 (6.81) 1.13 (0.95-1.34)
Superficial MB 1523 107 (7.03) 1.16 (0.97-1.39)
Deep MB 239 13 (5.44) 0.90 (0.53-1.50)
Short MB 1615 109 (6.75) 1.12 (0.93-1.34)
Long MB 147 11 (7.48) 1.24 (0.70-2.14)
MB of LAD 1554 116 (7.46) 1.24 (0.09-1.04)
MB of LCX 189 4(2.12) 0.35(0.05-0.14)
MB of RCA 19 - -
CAD Burden
No CAD 1982 78 (3.94) 0.65 (0.52-0.81)
Non-obstructive CAD 2194 198 (9.02) 1.49 (1.31-1.70)
1-vessel non-obstructive CAD | 1332 93 (6.98) 1.16 (0.95-1.40)
2-vessel non-obstructive CAD | 509 53(10.41) 1.72 (1.33-2.21)
3-vessel non-obstructive CAD | 353 52 (14.73) 2.44 (1.89-3.11)

Table 2. Incidence of MACE of MB burden and non-obstructive burden. MB myocardial bridging, CAD
coronary artery disease, CI confidence interval, LAD left anterior descending artery, LCX left circumflex, RCA
right coronary artery.

to hemodynamic disorders®®. According to this theory, some researchers suggested that MB acts as a dynamic
stenosis compressed across the myocardium during systole, which may influence hemodynamics due to its
length. The current study found no link between MB length and future MACE, contrasting with a recent report
suggesting MB length predicts abnormal fractional flow reserve derivation from coronary CTA (CT-FFR)'.
However, this report included a small sample size (120 patients with MB and 41 controls). Furthermore, our
study directly investigates the association between MB and prognosis, rather than hemodynamic status. The
association between depth of MB and hemodynamic disturbances or poor prognosis is controversial. Previous
research has revealed that deep MB is a predictor of risk for cardiovascular disease, and the MB thickness is
significantly greater in patients with MI than those without MI*!. Conversely, recent research showed that the
depth of MB did not correlate with abnormal CT-FFR values or the development of coronary atherosclerosis'-*,
aligning with our findings.

Some studies suggested the hemodynamic significance of MB should be assessed. The latest study suggested
that MB resulted in decreased efficiency of coronary perfusion during exercise in patients with angina and non-
obstructive CAD*. In addition, in patients with non-obstructive CAD, coronary spasm linked to MB might
indicate a more severe clinical presentation with MI and non-obstructive CAD and an increased likelihood of
angina-related hospitalizations over the long term, despite a low incidence of major events’. In contrast, Negin
et al. included 1251 patients with angia with non-obstructive CAD and showed that abnormal coronary flow
reserve was not predictive of MACE in patients with MB*%. While functional significance was not assessed in the
present study, our finding that anatomic MB lacked prognostic importance may due to the largely asymptomatic
or functionally insignificant MB. However, our findings partly imply that most MB visible on CT scans are
not hemodynamically significant and may not present a long-term risk like atherosclerosis. Prospective studies
combining thin-slice CT-FFR with long-term outcomes are needed to determine whether functional assessment
improves MB risk stratification.

The study presents long-term comparative data showing that MB, when not accompanied by CAD, has a
much better prognosis compared to non-obstructive CAD. Non-obstructive CAD plaque is the key determinant
of MACE risk, not the presence of MB. This contributes to resolving the continuous debate regarding whether
MB is an incidental finding or holds clinical significance. Moreover, this questions the existing practice where
MB frequently gets more clinical focus than warranted. Our findings suggest reassurance can be provided to
MB patients without concomitant atherosclerosis and more aggressive risk factor management should target
non-obstructive CAD patients. In addition, the interpretation of our findings is restricted to the prognostic
implications of MB for MACE, without considering its symptomatic influence. While MB did not predict
MACE in our cohort, this does not preclude its importance as a cause of debilitating symptoms. The dissociation
between anatomic findings and symptoms in MB patients warrants careful clinical evaluation. Future prospective
registries that include validated quality of life tools are necessary to thoroughly understand the symptomatic
burden of MB across different demographic groups.

Some limitations were present in the current study. First, as a retrospective design, this study had the selection
bias and this may affect the prevalence of MB. However, we focus on comparing the rate of MACE in relation
to the finding of MB in patients without obstructive CAD using coronary CTA. More importantly, considering
non-obstructive CAD is a poor prognostic factor, we further performed subgroup analysis to reduce this bias.
However, the lack of data on underlying systemic diseases and medications, combined with the retrospective
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Fig. 2. Cumulative event survivals. A No CAD vs. Non-obstructive CAD in all patients; B No MB vs. Any MB;
C Depth classification of MB; D Length classification of MB. MB myocardial bridging, CAD coronary artery
disease.

nature of this study, suggests that selection bias might be present. In addition, as a retrospective study, we lacked
systematic assessment of angina frequency or quality of life measures that might better reflect MB’s clinical
impact, particularly in younger or female patients. This represents an important area for future prospective
studies. Second, coronary CTA data are recorded based on the reports. As such, it is possible to record some
incorrect classification of CAD severity. However, the individual characteristics of this CAD degree and its
inherent inaccuracy are standard clinical care, which accurately reflect the CAD classification of the real world,
thus providing information for contemporary clinical practice. Third, our findings based on coronary CTA data
in the present study should not generalize to other patients or populations. As such, the current findings need to
be further investigating in other populations. Forth, the current study had limited data on other indexes derived
by coronary CTA, such as coronary artery calcium (CAC) or total plaque volume, which has been showed
association with risk of MACE in non-obstructive CAD. Last, the anatomic definition of MB without functional
correlation represents a study limitation. However, this reflects real-world practice where most MB is initially
detected by CT without subsequent invasive assessment.

Non-obstructive CAD, not presence of MB, is the main predictor of risk for future MACE in patients without
obstructive CAD. Prospective registries in the future should include validated quality of life measures and CT-
FFR with long-term outcomes to enhance the understanding of symptomatic burden and functional assessment
in MB risk stratification.

Scientific Reports|  (2025) 15:28159 | https://doi.org/10.1038/s41598-025-13939-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Univariate Cox Multivariate Cox
Parameter HR (95% CI) P-value | HR (95% CI) P-value
Age 1.07 (1.05-1.08) | <0.001 | 1.06 (1.04-1.07) | <0.001
Sex (male) 1.60 (1.27-2.03) | <0.001 | 1.34 (1.01-1.80) | 0.041
Smoke 1.51(1.17-1.96) | <0.001 |1.28 (0.91-1.79) 0.154
Drink 1.64 (1.21-2.22) 0.001 | 1.26 (0.88-1.81) 0.219
Hypertension 2.33(1.83-2.96) | <0.001 | 1.59(1.23-2.05) | <0.001
Diabetes 1.64 (1.26-2.13) | <0.001 |1.15(0.87-1.51) 0.321
Depth of MB
No MB 1 (reference) 1 (reference)”
Superficial MB 1.09 (0.86-1.40) 0.478 | 1.13 (0.88-1.45) 0.328
Deep MB 0.85 (0.48-1.49) 0.563 | 0.76 (0.43-1.34) 0.347
Length of MB
No MB 1 (reference) 1 (reference)®
Short MB 1.05 (0.82-1.34) 0.697 | 1.08 (0.84-1.40) 0.548
Long MB 1.17 (0.63-2.15) 0.618 | 1.04 (0.57-1.93) 0.892
Non-obstructive CAD
No CAD 1 (reference) 1 (reference)®
1-vessel non-obstructive CAD | 1.80 (1.33-2.43) | <0.001 | 1.22 (0.89-1.66) 0.209
2-vessel non-obstructive CAD | 2.75 (1.94-3.90) | <0.001 | 1.53 (1.06-2.21) | 0.023
3-vessel non-obstructive CAD | 4.01 (2.83-5.70) | <0.001 | 1.93(1.32-2.82) | 0.001

Table 3. Univariate and multivariate Cox regression associated with the risk of MACE. MB myocardial
bridging, CAD coronary artery disease, CI confidence interval, HR Hazard Ratio. ‘Model: adjusted by age, sex,
smoke, drink, hypertension, diabetes, depth of MB. ¥Model: adjusted by age, sex, smoke, drink, hypertension,
diabetes, length of MB. #Model: adjusted by age, sex, smoke, drink, hypertension, diabetes, non-obstructive
CAD.

Data availability
The datasets generated during and analyzed during the current study are available from the corresponding au-
thor on reasonable request.
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