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Beyond being a component of coronary flow velocity reserve, resting coronary blood flow is recognized as a clinically relevant measure, providing hemodynamic, diagnostic, and prognostic information across some cardiovascular diseases. With advancements in high-frequency transducers and imaging protocols, transthoracic coronary artery imaging has become increasingly non-invasive, practical, and useful. This review aims to summarize the clinical value and applications of transthoracic echocardiography (TTE) to assess coronary blood flow at rest.
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Introduction

Coronary flow velocity reserve (CFVR) was the original cornerstone of coronary hemodynamic assessment and remains a critical marker for major adverse cardiac events (MACEs). However, previous studies have demonstrated that high resting coronary flow velocity correlates with reduced CFVR (1). Other quantitative parameters derived from resting coronary flow, such as diastolic-to-systolic velocity ratio, the mosaic flow, and deceleration time, have demonstrated predictive value for coronary artery diseases or disease-specific hemodynamic alterations. Transthoracic echocardiography (TTE) has revolutionized coronary artery visualization through advancements in ultrasound imaging technology. Earlier studies have confirmed the feasibility of two-dimensional TTE for visualizing proximal coronary arteries (2, 3). Later studies have demonstrated the left anterior descending (LAD) artery flow by non-invasive two-dimensional and Doppler echocardiography, thereby opening a new field (4). The detection and application of coronary flow have since increasingly expanded to include the right coronary artery (RCA) and left circumflex artery (LCX), with a relatively lower detection rate and limited clinical emphasis (5, 6). Intramyocardial arteries have gradually garnered attention as potential markers of regional perfusion, complementing the global perfusion insights provided by epicardial coronary visualization. Resting flow assessment is non-invasive, cost-effective, and non-stressful compared with CFVR measurement. This review highlights the clinical application of underappreciated resting coronary flow parameters as feasible alternatives.



TTE coronary detection


Machine settings

A high-resolution, high-sensitivity phased-array ultrasound system is employed for coronary flow analysis. To ensure optimal blood flow visualization, pre-scanning adjustments are recommended. A high-frequency transducer, adult multifrequency, or pediatric probe is used according to the depth of the segment of interest (6). The velocity scale is set to an initial optimal Nyquist limit of 20–30 cm/s, and the wall motion filters are turned off, following a clinical consensus (7). The following supplementary settings are utilized while imaging with pulse Doppler: a 3–5 mm sample volume, compression set at 6, and no signal rejection. The Nyquist limit can be adjusted according to the optimal imaging requirements.



Methods for coronary flow detection

Patients are examined in the left lateral position using a modified left parasternal acoustic window. Starting with the short-axis view of the aortic valve, the proximal segments of the LAD, LCX, and left main artery are visualized. The LAD artery courses along the anterior interventricular sulcus. To identify the mid-distal LAD artery, a long-axis view of the left ventricle is obtained. The mid-distal LAD artery is recognized as a tubular structure located within the anterior interventricular sulcus near the apex. The ultrasound beam is then tilted laterally and superiorly to delineate the anterior interventricular sulcus and locate the LAD artery under color Doppler monitoring, with flow direction from the base to the apex. The angle between the Doppler beam and the longitudinal axis of the coronary artery is minimized to optimize pulsed Doppler sampling. The sample volume is positioned within the vessel lumen for as much of the cardiac cycle as possible. Both the Doppler waveform and two-dimensional echocardiographic images are recorded (8). Additionally, modified apical four-, three-, and two-chamber views can be utilized to confirm the anatomic position of the LAD coronary artery.

With regard to the RCA, the proximal part is visualized in the short-axis view of the aortic valve. A shortened apical two- or three-chamber view makes it possible to display the distal branch in the posterior interventricular sulcus and posterior descending artery (PDA). According to practice guidelines, the modified apical four-chamber view, achieved by rotating the ultrasound probe clockwise by 50°–80° from the standard apical four-chamber position, allows identification of distal LCX flow in the left ventricular lateral wall (9).

In a study by Fusejima (4), the LAD artery Doppler flow signals were initially identified in 35% of healthy subjects and 50% of patients with various cardiovascular diseases. Fusejima reported a biphasic flow pattern and a higher velocity during diastole. The visualization of three major coronary arteries via Doppler echocardiography achieves a detection rate of 70%–80% without contrast enhancement (10, 11); however, this method is dependent on experience. A previous study has demonstrated that high-frequency imaging, harmonic imaging, and echo-contrast enhancement nearly achieve 100% visualization of LAD arterial segments (12). Due to practical limitations (depth and no clear anatomic marks) in visualizing the other two epicardial coronary arteries (RCA and LCX), most studies have focused on the LAD artery as the most accessible epicardial coronary artery (9). Despite the theoretical potential of evaluating all three main coronary arteries, technical challenges limit the routine assessment of these arteries. Thus, research priorities have focused on the LAD artery in epicardial coronary artery studies.

Advances in high-frequency TTE have demonstrated that intramyocardial perforators can be visualized and reflect myocardial perfusion (13). Sherrrid et al. (14) successfully recorded the septal perforator flow in patients with hypertrophic cardiomyopathy (HCM), patients with hypertensive left ventricular hypertrophy, and normal controls. To image the perforator arteries, short views between the apex and parasternal areas are used, complemented by modified two-chamber and parasternal views. Visualization of septal perforators in the mid- and apical septum is feasible using apical long-axis and off-axis views (14). To begin, left parasternal short-axis views at the level of the mitral valve annulus, chordae tendineae, and papillary muscles are used. Classical or modified two-, three-, or four-chamber views are then used to evaluate intramyocardial artery flow from the epicardium to the endocardium in the apical half of the left ventricular wall, applying color flow mapping with a low Nyquist limit. Table 1 summarizes the detection techniques, and Figure 1 illustrates clinical case examples.



TABLE 1 Detection techniques and views of main arteries.



	Coronary arteries
	Acquisition view
	Detection position
	Notices





	Left anterior descending (LAD) artery
	

	a)Short-axis view of the aortic valve

	b)Modified parasternal long-axis view

	c)Modified apical four-, three-, and two-chamber views



	Left main coronary artery, proximal LAD artery, and mid-distal LAD artery (most used)
	

	a)Diastolic-dominant flow with color Doppler monitoring

	b)Focused view of the anterior interventricular groove with avoidance of mistaken intracavitary flow

	c)The angle between the Doppler beam and the longitudinal axis of the coronary was as small as possible






	Right coronary artery (RCA)
	

	a)Short-axis view of the aortic valve

	b)Shortened apical two- or three-chamber view



	Proximal RCA, mid-RCA, posterior descending coronary artery (PDA) (mostly a branch of the right coronary artery)
	

	a)Diastolic-dominant flow with color Doppler monitoring

	b)Tricuspid annulus or right atrioventricular groove as anatomical landmarks of RCA; mostly difficult to detect the Doppler signal due to the perpendicular angle

	c)PDA walking in the posterior wall of the left ventricle; dynamically adjusted frequency due to distance

	d)The angle between the Doppler beam and the longitudinal axis of the coronary was as small as possible






	Left circumflex coronary artery (LCX)
	

	a)Short-axis view of the aortic valve

	b)Modified apical four-chamber view



	Proximal LCX and distal LCX
	

	a)Diastolic-dominant flow with color Doppler monitoring

	b)Focus on the lateral wall of the left ventricle; dynamically adjusted frequency due to distance

	c)The angle between the Doppler beam and the longitudinal axis of the coronary was as small as possible






	Intramyocardial perforator
	Short views between the apex and parasternal space
	Branches of the LAD artery, LCX, and RCA
	The angle between the Doppler beam and the longitudinal axis of the coronary was as small as possible
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FIGURE 1
(A,B) Color Doppler and pulse Doppler detection of the LAD artery, respectively. (C,D) Color Doppler and pulse Doppler detection of the PDA, respectively. (E,F) Color Doppler and pulse Doppler detection of the LCX branch, respectively. (G,H) Color Doppler and pulse Doppler detection of septal branches, respectively. LAD, left anterior descending; PDA, posterior descending artery; LCX, left circumflex artery.




Assessment of parameters

When coronary blood flow is interrogated, spectral Doppler is applied to obtain the coronary flow spectrum and extract its features. The onset of systole is defined by the peak of the R wave on the electrocardiogram, while the beginning of diastole is marked by the end of the T wave, thereby distinguishing systolic from diastolic flow in the absence of electrocardiographic abnormalities.

Peak flow velocity is defined as the highest instantaneous velocity within the systolic or diastolic phase, as measured from the coronary flow Doppler spectrum. The velocity is obtained by tracing the outer envelope of the Doppler signal using dedicated post-processing software, which automatically calculates the peak and mean velocities. The peak diastolic–systolic velocity ratio, peak stenotic to pre-stenotic diastolic velocity ratio, and pre-stenotic to stenotic mean diastolic flow velocity ratio are then calculated. The mosaic flow is regarded as a turbulent flow, characterized by locally persistent color aliasing due to rapid velocity exceeding the Nyquist limit. In detecting coronary stenosis, rescaling of the Nyquist limit of color flow Doppler at 0.48 m/s has been shown to be effective (15). Diastolic deceleration time (DDT) is measured from the peak diastolic velocity to the point where the initial decay slope line intersects with baseline. Diastolic pressure half-time (DPH) is the time interval required for peak diastolic velocity to decrease to 1/2 of its initial value. Acceleration time (AT) refers to the time from the onset of flow to the peak velocity on the Doppler velocity curve. Systolic flow reversal (SFR) is a reversal of blood flow direction during ventricular systole, in the opposite direction to diastolic forward flow. Two unique coronary flow Doppler patterns have been identified as follows: the end-diastolic velocity sudden dip, which is caused by atrial contraction, is defined as a transient decrease in coronary flow velocity occurring between the P wave and the peak of the R wave on the electrocardiogram; and a unique square root sign is characterized by a steep velocity slope and followed by a plateau phase. Figure 2 illustrates representative parameters of these patterns.
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FIGURE 2
(A) The outline of the Doppler spectrum was traced to calculate various parameters, including the peak velocity, mean velocity, and velocity–time integral. The white lines indicate the DDT and AT. The arrows show the presence of SFR (arrows). (B,C) Two Doppler spectrum features are indicated by the sudden dip in end-diastolic velocity (arrows) and the corresponding time point of the dip (dashed lines). The square root sign patterns are indicated by arrows. DDT, diastolic deceleration time; AT, acceleration time; SFR, systolic flow reversal.





Coronary flow velocity clinical applications by disease category

Given the essential role of CFVR in the prognostication of adverse outcomes and myocardial dysfunction (16–18), the resting coronary flow velocity has often been overlooked. The clinical value of coronary blood flow velocity is summarized below, focusing on coronary artery disease (CAD) and velocity alterations, emphasizing HCM.


CAD

Patients with CAD exhibit coronary flow abnormalities, such as epicardial coronary stenosis, myocardial ischemia, myocardial infarction, and other conditions. An elevated coronary velocity indicates worsening coronary flow, a sign of arterial narrowing, or endothelial dysfunction. This observation is based on the principle that blood flow velocity is inversely proportional to the cross-sectional area of the vessel at a given level. Increased myocardial oxygen demand may contribute to other pathogenic mechanisms. Additionally, low velocity also suggests poor perfusion. To date, related studies have focused primarily on two main aspects—indicators of prognostication or MACEs and assessment of epicardial coronary stenosis (Table 2).



TABLE 2 Articles on resting coronary flow velocity in relation to CAD in chronological order.



	Reference
	Year
	Cutoff
	Analysis





	Lauro et al. (19)
	2024
	Mid-distal LAD arterial flow velocity of 32 cm/s
	High resting LAD arterial velocity was related to worse survival in preserved LVEF patients with chronic coronary syndromes



	A flow velocity of 32 cm/s was indicative of coronary flow velocity reserve



	Zagatina et al. (5)
	2023
	Any proximal arteries with >64–67 cm/s; any coronary segments with a velocity of >65 cm/s
	A maximal coronary flow velocity of 67 cm/s in the left main artery, proximal LAD artery, or proximal LCX was the best predictor for death. A velocity of 66 cm/s was the best predictor for death or myocardial infarction, and a velocity of 64 cm/s was a significant predictor of all MACEs



	Three groups classified by proximal segment velocity >65 cm/s, middle segment velocity >65 cm/s, and whole segment velocity <65 cm/s indicated high risk (5.6%), intermediate risk (2.3%), and low risk (0.3%) of death or myocardial infarction per year, respectively



	Watanabe (6)
	2017
	Systolic LAD arterial average velocity of 6.5 cm/s
	An average systolic velocity of 6.5 cm/s was the optimal cutoff value to predict viable myocardium



	Lee et al. (21)
	2003
	Diastolic distal LAD arterial peak velocity of 25 cm/s
	A distal diastolic LAD arterial peak velocity >25 cm/s distinguished TIMI-3 from TIMI-2 coronary reperfusion before emergency coronary intervention



	Caiati et al. (24)
	2023
	Accelerated stenotic flow increment with values of 109% and 16%
	An AsF% of 109% distinguished LAD arterial diameter narrowing greater than or less than 50%, while an AsF% of 16% identified narrowing but less than 50% from no coronary stenosis.



	Gaibazzi et al. (29)
	2019
	Peak diastolic–systolic velocity ratio of 1.7
	The reduced ratio was strongly related to significant coronary artery stenosis



	Holte et al. (15)
	2015
	

	a)Peak stenotic (aliasing flow) to pre-stenotic velocity ratio of 2

	b)Mosaic flow at Nyquist limit of 48 cm/s



	A ratio of >2 and local mosaic flow no less than 48 cm/s were used to diagnose significant coronary disease in the left main coronary artery, LAD artery, LCX, and RCA



	Vegsundvåg et al. (28)
	2014
	Peak diastolic septal perforating branch velocity of 57 cm/s
	A velocity of >57 cm/s reflected occluded contralateral artery



	Holte et al. (30)
	2013
	Post-stenotic peak diastolic-to-systolic velocity ratio of 1.68
	The reduced ratio identified functionally significant coronary artery stenosis



	Higashi et al. (27)
	2013
	Coronary velocity in color and pulse Doppler of 92 cm/s and 81 cm/s, respectively
	A velocity greater than the optimal cutoffs in the proximal left coronaries indicated severe stenosis (diameter stenosis >70%) with high accuracy



	Okamura et al. (20)
	2005
	A grading system with classified standards, including disappearance of systolic anterograde flow
	Coronary flow abnormal patterns predicted microvascular dysfunction. When evaluating myocardium damage, the disappearance of anterograde flow was the last hemodynamic change considered



	Daimon et al. (31)
	2005
	Diastolic-to-systolic flow peak velocity ratio of 1.6 and mean velocity ratio of 1.5
	The ratios were used to physiologically estimate the absence or presence of reversible perfusion defects



	Hozumi et al. (25)
	2000
	Pre-stenotic to stenotic (aliasing flow) mean diastolic flow velocity ratio of 0.45
	The ratio of 0.45 was an optimal cutoff used to detect restenosis after coronary angioplasty



	Krzanowski et al. (26)
	2000
	Stenosis to the adjacent segment peak velocity ratio of 2 or a local velocity of 2 m/s
	A ratio of >2 or a local velocity of >2 m/s indicated the presence of stenosis with good specificity




	LAD, left anterior descending; LCX, left circumflex coronary artery; MACEs, major adverse cardiac events; TIMI, thrombolysis in myocardial infarction; AsF, accelerated stenotic flow; RCA, right coronary artery; CAD, coronary artery disease.









CAD: prognosis indicators

Previous studies have indicated that resting coronary velocity is higher when CFVR is lower. Several retrospective studies have highlighted the prognostic significance of coronary velocity, with prospective observations gradually complementing these findings. In a prospective study involving 747 patients, Zagatina et al. (5) evaluated the proximal left-sided artery segment and middle segments, with a resting coronary velocity exceeding 64–67 cm/s serving as the cutoff for predicting death, myocardial infarction, and MACEs. Additionally, the value of 65 cm/s stratified the patients into the three following groups: high risk of death or myocardial infarction at the incidence of 5.6% per year, as classified by increased velocity in the proximal left-sided artery segments; moderate risk at 2.3% per year, as stratified by increased velocity in the middle segments; and low risk at 0.3% per year, as characterized by any segment maximal velocity below 65 cm/s. Subgroup analyses of patients with known CAD, suspected CAD, arterial hypertension, valvular disease, and chest pain with unknown reason also supported the positive correlation between higher coronary velocity and increased incidence of death, myocardial infarction, and MACEs (5). A resting coronary flow velocity cutoff of 32 cm/s has also been associated with worse outcomes in patients with chronic coronary syndromes and preserved left ventricular ejection fraction (LVEF), adding incremental prognostic value to CFVR assessments (19). The emphasis on resting flow velocity is justified, as it should not merely serve as an auxiliary parameter for CFVR measurement. Increased baseline velocity may mechanistically contribute to reduced CFVR. Figure 3 illustrates high resting velocity coexisting with reduced CFVR.
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FIGURE 3
(A) The distal LAD arterial flow velocity at rest was 0.58 m/s. (B) The distal LAD arterial flow velocity under vasodilator-induced hyperemia was 0.88 m/s. The coronary flow velocity reserve was 1.58. LAD, left anterior descending.


Reduced or absent systolic forward flow velocity exhibits predictive value. An average systolic velocity, with an optimal cutoff value of 6.5 cm/s, can predict viable myocardium (6). Absent systolic flow has been used to additionally estimate the severity of microvascular dysfunction and predict impairment in left ventricular function (20).

Low Doppler flow values represent a low perfusion state. It has been reported that a thrombolysis in myocardial infarction (TIMI) risk score—a semiquantitative index of myocardial tissue perfusion—of ≤2 in acute myocardial infarction (AMI) patients is related to adverse events. A diastolic peak distal LAD arterial flow velocity of 25 cm/s has demonstrated high diagnostic efficacy for distinguishing a TIMI risk score of 3 from a TIMI risk score of ≤2 prior to coronary intervention, with 77% sensitivity and 94% specificity (6, 21). A TIMI risk score of 3 exhibits a wide range of velocity and partially overlaps with that of a TIMI risk score of 2, resulting in low sensitivity. These findings align with previous studies demonstrating increased velocity with a TIMI risk score of 3 and reduced velocity with TIMI risk scores ranging from 0–2 according to intracoronary Doppler (22). Large clinical studies have shown better survival outcomes among patients who exhibit a normal or a TIMI risk score of 3 compared with those with incomplete reperfusion (TIMI ≤ 2). A coronary slow flow phenomenon is distinguished by a strong inverse correlation between coronary blood flow peak and mean velocities measured by TTE and TIMI frame count (23).



CAD: stenosis assessment

The presence of diastolic accelerated stenotic flow (AsF) in the entire LAD artery indicates coronary stenosis, with different cutoffs of AsF increments across subgroups of stenosis explaining impaired CFVR (24). Baseline velocity elevations reliably identify atherosclerotic stenosis and microvascular disease only when systemic inflammation, hypertrophy, and anemia are excluded. Localized aliasing flow detected by color Doppler reflects artery stenosis. A peak stenotic to pre-stenotic velocity ratio exceeding 2.0 serves as a highly specific cutoff value for diagnosing significant coronary artery stenosis in the left main coronary and three main coronary arteries (15). A pre-stenotic to stenotic mean diastolic flow velocity ratio of <0.45 has been reported to effectively diagnose significant restenosis after percutaneous coronary intervention, with a sensitivity of 86% and a specificity of 93% (6, 25). A local maximal velocity exceeding 2 m/s has also been considered as stenosis (26). Mosaic flow, which is characterized by persistent color flow Doppler aliasing at a velocity scale of >48 cm/s, further supports the presence of significant stenosis (15). Additionally, invasive techniques provide complementary diagnostic value, particularly in cases with severe calcification and in-stent stenosis, where coronary computed tomography angiography may fail. Higashi et al. reported that optimal values for color Doppler and pulse Doppler to diagnose severe proximal left coronary artery stenosis are 92 cm/s (sensitivity of 100% and specificity of 90%) and 81 cm/s (sensitivity of 100% and specificity of 85%), respectively (27). Coronary artery occlusion may coexist with intramyocardial and epicardial collateral formation. Accelerated anterograde flow velocities exceeding 57 cm/s in septal perforator branches indicate collateral supply to contralateral coronary occlusion (28). A spike-like flow with high velocity in the early systolic to apex has been observed in patients with coronary artery bypass grafting; this flow is associated with passing the stenotic segment, as confirmed by coronary angiography (4).

The peak diastolic–systolic velocity ratio of the LAD artery at rest serves as a strong predictive marker for obstructive CAD (stenosis >50%) (29, 30). A peak diastolic–systolic velocity ratio of <1.7 outperforms other parameters, such as a coronary flow reserve of <2 [odds ratio (OR) 11.18 vs. 2.88], as well as clinical variables and wall motion abnormalities (OR 11.18 vs. 1.53) (29). In addition, the mean diastolic–systolic velocity ratio with a cutoff of 1.5 demonstrates equivalent utility in estimating the severity of LAD arterial stenosis, with a sensitivity of 81.8% and a specificity of 85.7% (31).



HCM

Hemodynamic abnormalities in HCM arise from increased oxygen demand and concomitant insufficient capillary density. However, the velocity abnormality values need further exploration and validation. To date, the clinical values of coronary flow velocity in HCM remain insufficiently defined, and the current findings are summarized mainly in a descriptive context.

Compared to healthy controls, patients diagnosed with HCM exhibit a significantly reduced systolic peak blood velocity and systolic velocity–time integral (8), with no significant differences in these parameters between subgroups categorized by symptoms or left ventricular outflow tract obstruction.

Higher diastolic phase velocities in the LAD artery have been observed in HCM (32), and these higher velocities are attributed to an increase in oxygen demand. When patients with HCM are stratified into non-obstructive and obstructive HCM subgroups, diastolic flow velocity remains abnormally elevated (33, 34). Coronary flow velocity abnormalities are correlated with septal thickness rather than obstruction severity or pressure gradient (35). Thus, coronary flow recovery may be a marker to assess medication efficacy.

Compared with epicardial coronary arteries in HCM (primarily the LAD artery), intramyocardial small coronary arteries exhibit a significantly higher average diastolic peak flow velocity and velocity–time integral. In normal controls, no significant differences exist between the LAD artery and small coronary arteries (36). The diastolic peak velocity, mean diastolic velocity, and diastolic velocity–time integral in the septal perforator in HCM are higher than in hypertensive left ventricular hypertrophy, while there are no differences in these parameters between healthy subjects and individuals with hypertensive left ventricular hypertrophy. Epicardial coronary arteries can dilate and accommodate increased demand, normalizing velocity, whereas intramyocardial arteries fail to enlarge and remain significantly narrower (14).



Other conditions

High coronary velocity serves as a long-term prognostic indicator, enabling identification of high-risk patients with MACEs among consecutive unselected cohorts referred for routine echocardiography examination due to chest pain, shortness of breath, and known cardiovascular diseases. In proximal and middle left-sided coronary segments (left main artery, LAD artery, and LCX), velocities exceeding 64–67 cm/s are associated with increased risks of mortality and MACEs (5). In proximal left-sided coronary segments, velocities exceeding 78 cm/s predict MACEs in the short term, irrespective of echocardiography results or other clinical data, and velocities exceeding 97 cm/s predict severe MACEs in the next 10.5 months (37). In unselected elderly patients, high coronary flow velocity (>81 cm/s) in the proximal segments of left-sided arteries is a significant predictor for MACEs (38). Many studies have demonstrated the value of high coronary velocities (39, 40).

Many studies have reported alterations in coronary blood flow velocity in patients with certain cardiovascular diseases, yet the clinical utility of these findings remains unexplored. These changes may represent a consequence of the underlying pathophysiological processes.

Aortic diseases affect coronary flow due to the perfusion pressure dependent on blood in the aortic sinuses. In patients with severe aortic insufficiency, the LAD arterial diastolic flow velocity is lower than the LAD arterial systolic flow velocity, and the diastolic flow terminates prematurely without lasting the entire diastolic phase. The LAD arterial diastolic flow velocity is higher in individuals with aortic stenosis than in healthy controls (4). In aortic stenosis patients, the peak and mean diastolic flow velocities in the LAD and intramyocardial coronary arteries are proportional to the mean aortic valve gradient (41). Reversed systolic flow normalizes after aortic valve replacement, despite a lack of change in the degree of hypertrophy, suggesting that ventricular hypertrophy caused by different etiologies may involve distinct pathophysiological mechanisms.

Increased baseline coronary flow velocity and decreased baseline microvascular resistance have been reported in short-duration patients with a history of diabetes mellitus of <10 years (42). High resting velocity is associated with insulin resistance in patients with type 2 diabetes, and this association has been attributed to abnormal metabolism (43). Coronary velocity changes imply impaired coronary microvascular function, thus explaining the mechanism for reduced CFVR.

Systolic and diastolic peak velocities are increased in patients with hypertrophy caused by hypertension (8). Pulse pressure, a parameter that reflects arterial stiffness and depends on conduit artery compliance, is associated with resting coronary flow velocity but is not significantly associated with CFVR (44). Higher pulse pressure, associated with impaired diastolic function, is correlated with higher coronary velocity and reduced CFVR, suggesting that increased baseline flow represents a compensatory mechanism.




Coronary flow pattern clinical applications by disease category

Alterations in hemodynamics and myocardium structure affect microvascular and epicardial circulation, leading to coronary flow abnormalities. To the best of our knowledge, several parameters related to coronary flow patterns, such as DDT, DPH, bidirectional or retrograde systolic flow, and AT in the systolic phase, have been identified as clinically useful. The disease-related aspects, focusing mainly on CAD, are discussed below.


CAD

CAD, characterized by coronary stenosis, has variable recovery outcomes. The coronary flow itself may serve as a predictive measure (Table 3). The association between DDT and cardiac function has been investigated. Watanabe et al. (45) reported that LVEF is significantly higher in patients with a longer DDT (>600 ms) compared with patients with a shorter DDT in both the acute and chronic phases of anterior AMI. Tani et al. (46) reported that a rapid DDT in the LAD and intramyocardial arteries identifies left ventricular remodeling and wall motion recovery after an anterior AMI. Some researchers have suggested that a DDT of <600 ms and SFR are markers of severe microvascular injury. Analyses using Doppler guidewire have confirmed that short diastolic DDT and SFR predict complications and in-hospital survival (47). A DDT of 600 ms is an optimal predictor for a viable myocardium (6). Saraste et al. (48) proposed that a DDT of <190 ms in the acute phase is strongly associated with a non-viable myocardium in reperfused AMI. Shintani et al. (49) reported that a DDT measured on Day 2 after reperfusion implies a functional outcome with coronary flow recovering toward normalization over time. A DDT >600 ms within 3 days after coronary angioplasty predicts a viable myocardium, with a sensitivity of 78% and specificity of 84%–92% (50). Persistent microvascular impairment in reperfused anterior AMI, defined as DDT of <600 ms on Day 7, is associated with left ventricular remodeling (49). Using Doppler guidewire and myocardial contrast TTE, previous studies have demonstrated that the diastolic deceleration slope is steeper in patients with AMI accompanied by the no-reflow phenomenon compared with those without no-reflow (51, 52). The no-reflow phenomenon is characterized by a steep diastolic deceleration slope with a DDT of <600 ms (53). Shortening of the LAD arterial DPH (<265 ms) indicates anterior permanent myocardial damage and scarred myocardial tissue, with a sensitivity of 79% and a specificity of 94% (54). The DDT and DPH are interdependently connected. Retrospective and prospective studies have reported that a short DPH predicts poor recovery in patients with anterior wall AMI after primary percutaneous transluminal coronary angioplasty or stenting (55). Receiver-operating characteristic analysis has indicated that a DPH of >300 ms is a useful cutoff. Using transthoracic Doppler echocardiography, Agostini et al. (56) identified distinct coronary velocity patterns in the LAD artery after primary percutaneous coronary intervention, and they reported that these patterns correlate with different contractile functions, clinical outcomes, and complication burdens. The deceleration shortens after AMI initiates ventricular remodeling and LVEF impairment, and it is the first flow change that is characterized, making it a sensitive and early indicator of capillary damage and reduced coronary capacity (20, 51). Tasaki et al. (57) reported that coronary flow characteristics reflect the artery patency after coronary artery bypass grafting through visualizing the existence of mosaic flow, retro flow, and sufficiently high anterograde flow. The DDT and deceleration slope reflect microvascular resistance conditions caused by cellular injury, local inflammation, interstitial edema, extravascular stress, stretching, and remodeling of the infarct region (58). Similar mechanisms underlie other flow characteristics, such as SFR and absent systolic anterograde flow.



TABLE 3 Articles on TTE-detected resting coronary flow patterns in relation to CAD in chronological order.



	Reference
	Year
	Cutoff
	Analysis





	Giga et al. (53)
	2023
	DDT of infarct-related artery of 886 ms
	A DDT value <886 ms indicated large, fixed perfusion abnormalities



	Watanabe and Usui (45)
	2021
	

	a)Early SFR, defined as a reversal flow showing a peak velocity of 10 cm/s and duration >60 ms at early systole

	b)DDT of 600 s as a cutoff value



	

	a)The presence of early SFR predicted impaired chronic cardiac function and a higher incidence of MACEs

	b)The DDT predicted chronic cardiac function






	Vegsundvåg et al. (28)
	2014
	Retrograde flow in the main coronaries and intramyocardial branches
	Collateral flow was accompanied by occluded coronaries



	Takemoto et al. (62)
	2014
	Percentage acceleration time of 60%
	Coronary stenosis was diagnosed with a 60% acceleration time even when accompanied by microvascular dysfunction



	Boshchenko et al. (12)
	2009
	Flow reversal in epicardial collaterals, including the distal LAD artery, obtuse marginal branches, and PDA, as well as in intramyocardial collaterals, such as the LAD arterial septal branch and RCA septal branch
	Coronary occlusion was diagnosed



	Karatasakis et al. (54)
	2008
	Diastolic pressure half-time of 265 ms
	The cutoff value of diastolic pressure half-time identified the presence or absence of a scarred anterior myocardium



	Saraste et al. (48)
	2007
	DDT at 190 ms on Day 3 after AMI
	The DDT was significantly longer in viable myocardium than in partially viable or non-viable myocardium. A DDT <190 ms predicted non-viable myocardium



	Tani et al. (46)
	2007
	LAD arterial DDT value of 600 ms as a cutoff
	A rapid DDT of the LAD artery and intramyocardial artery predicted a higher wall motion score index and left ventricular end-diastolic volume during the chronic phase after anterior AMI



	Agostini et al. (56)
	2006
	Flow patterns:

	a)Antegrade systolic flow and slow diastolic deceleration slope

	b)Reduced or absent systolic flow and rapid diastolic deceleration slope

	c)Presystolic retrograde flow and rapid diastolic deceleration slope



	Rapid diastolic deceleration resulted in more complications and left ventricular remodeling



	Tasaki et al. (57)
	2006
	Flow characterized by mosaic flow at the anastomosis site, distal anterograde flow, and proximal retrograde flow
	The presence of flow characterized the graft patency



	Okamura et al. (20)
	2005
	A grading system classified according to short DDT (cutoff value of 600 ms), appearance of SFR, and disappearance of systolic anterograde flow
	Coronary flow abnormal patterns, with the hemodynamic change order during the myocardium damage process (first to last) of short DDT, SFR, disappearing systolic anterograde flow, predicted microvascular dysfunction



	Shintani et al. (49)
	2004
	DDT cutoff value of 600 ms
	DDT <600 ms on Day 7 after reperfusion was the only indicator of left ventricular remodeling in anterior AMI



	Iwakura et al. (51)
	2004
	DDT of 185 ms
	Decreased systolic peak velocity, higher diastolic velocity, shorter DDT, and increased SFR were found more frequently in no-reflow. A DDT <185 ms had good sensitivity and specificity



	Hirata et al. (61)
	2004
	Retrograde diastolic flow in the LAD artery and septal branches
	Retrograde flow identified an occluded LAD artery



	Nohtomi et al. (59)
	2003
	Persistent SFR at 48 h
	Irreversible dysfunction was predicted more specifically with a persistent SFR at 48 h



	Hozumi et al. (50)
	2003
	DDT cutoff value of 600 ms
	After successful coronary angioplasty, the ability of the DDT on Day 1 and Day 3 to identify a viable myocardium had a sensitivity of 78% and 78%, respectively, as well as a specificity of 92% and 84%, respectively



	Watanabe et al. (60)
	2001
	Retrograde flow in the LAD artery
	Retrograde flow in the LAD artery was used to diagnose total LAD arterial occlusion



	Shintani et al. (55)
	2001
	Diastolic deceleration half-time of 300 ms
	Short diastolic deceleration half-time indicated a poorer functional prognosis after anterior AMI




	DDT, diastolic deceleration time; SFR, systolic flow reversal; MACEs, major adverse cardiac events; LAD, left anterior descending; |PDA, posterior descending artery; RCA, right coronary artery; AMI, acute myocardial infarction; CAD, coronary artery disease.







The chronic phase of AMI, which occurs 1 month after the occurrence of AMI, similarly exhibits an abnormal DDT. Giga et al. (53) concluded that the DDT of the LAD artery (infarct-related artery) is associated with the size of the anterior infarction area and the severity and extent of microvascular damage in the chronic duration. A DDT of <886 ms predicts large perfusion abnormalities (defined by an infarct size of >20%) and significant left ventricular contractile impairment (defined by a wall motion score index of >1.5).

DDTs of both the LAD artery and intramyocardial artery may predict wall motion recovery in the infarct area 6 months after anterior AMI. Intramyocardial artery flow, specifically referring to perforator branches, reflects the local myocardial viability, whereas the LAD arterial flow pattern reveals the global myocardial damage (46, 50). An elevated left ventricular end-diastolic pressure may reflect abnormal flow of the LAD and intramyocardial arteries. Severe microvascular damage results in a decreased blood pool, which is rapidly replenished during perfusion. Consequently, the coronary pressure abruptly increases and sharply decreases during the diastolic phase.

Early SFR, as detected by TTE and Doppler guidewire, is one of the powerful predictors of chronic cardiac function and incidence of MACEs in patients with anterior AMI. Previous animal studies have suggested that early SFR indicates myocardial necrosis (45). The presence of early SFR indicated increased microvascular resistance and inadequate perfusion (45, 56). Systolic flow may become fully reversed, extending beyond the early phase as the disease progresses (20). After reperfusion, the microvascular perfusion changes dynamically. Nohtomi et al. (59) reported that the persistence of SFR at Day 2 in reperfused anterior AMI predicts unrecovered myocardial dysfunction more effectively than peak creatine kinase levels, DDT, and immediate SFR. Myocardium damage affects microcirculation resistance, which sharply increases during systolic compression, causing the myocardial blood pool to be squeezed into epicardial coronary arteries instead of coronary veins, ultimately inducing SFR. Compared with a short DDT, SFR causes a more severe obstruction of capacitance vessels.

Unlike AMI, patients with chronic coronary occlusion may not exhibit clinical symptoms, electrocardiogram abnormalities, or regional wall motion abnormalities. Thus, coronary flow detection offers an important clinical tool, owing to its minimal time requirements and low cost. Retrograde coronary flow in both epicardial and intramyocardial arteries has been identified as a meaningful ultrasound index (28, 60, 61). Studies have demonstrated that retrograde blood flow in the epicardial and intramyocardial coronaries has high sensitivity and specificity for diagnosing chronic total coronary occlusion, except in the LCX due to a low success rate of visualization (12).

Takemoto et al. (62) suggested that the AT of systolic coronary flow velocity is a promising marker for diagnosing coronary stenosis accompanied by microvascular dysfunction. Systolic coronary flow is affected by the following three major factors: epicardial artery resistance, intramyocardial artery resistance, and extravascular compression. Previous studies have reported that epicardial coronary flow is influenced by intramyocardial resistance. With regard to extravascular compression, Takemoto et al. reported that the percentage of AT (%AT) in the systolic phase is comparable between patients with reduced LVEF and those with preserved LVEF. Compared with CFVR, the %AT of the systolic phase exhibits similar or even superior diagnostic performance in identifying coronary stenosis (sensitivity,71.1% vs. 83.4%; specificity, 77.3% vs. 71.8%; accuracy, 75.4% vs. 75.4%). Owing to better feasibility of tracing, Takemoto et al. established a cutoff value of 60% for %AT during hyperemia rather than during rest; however, they reported that %AT does not significantly differ between hyperemia and rest. Alterations of CFVR may be related to possible epicardial coronary stenosis and coronary microcirculation abnormality. However, the %AT provides a reliable diagnosis specifically for coronary stenosis accompanied by microvascular dysfunction.



Cardiomyopathy

Cardiomyopathy is often characterized by myocardial structural and circulatory abnormalities, including fibrosis and restrictive physiology. In addition, individuals with HCM also present with myocardial ischemia, driven by various factors, such as decreased capillary beds, microvascular occlusion, restricted ventricular compliance, and high blood flow demand. Details for resting coronary flow patterns are provided in Table 4.



TABLE 4 Articles on coronary flow patterns in relation to cardiomyopathy in chronological order.



	Reference
	Year
	Results





	Galazka et al. (69)
	2024
	Different flow morphs detected in the septal artery were associated with diastolic dysfunction severity



	Peters et al. (67)
	2023
	A flow pattern with an atrial dip wave in the LAD artery was identified in individuals with HCM



	Desai et al. (68)
	2017
	A flow pattern resembling a square root sign was identified in the septal coronary of individuals with HCM



	Aburawi et al. (70)
	2009
	Increased overall diastolic flow but early termination in endomyocardial fibrosis indicated inadequate myocardium perfusion and further subsequent fibrosis



	Kim et al. (65)
	2008
	A DDT less than 300 ms in the intramyocardial coronary artery and LAD artery indicated steep deceleration and was associated with a higher incidence of symptoms and myocardial ischemia in HCM



	Watanabe et al. (66)
	2003
	HCM was characterized by reverse systolic flow, slow acceleration, and a short DDT in the LAD artery and intramyocardial septal arteries



	Crowley et al. (8)
	1997
	Individuals with HCM presented abnormal flow, including a reduced or reverse systolic peak velocity and prolonged diastolic acceleration and deceleration times



	Fusejima (4)
	1987
	An increased diastolic velocity, an increased velocity–time integrity, and a rectangular flow morph were detected in individuals with HCM




	LAD, left anterior descending; HCM, hypertrophic cardiomyopathy; DDT, diastolic deceleration time.







Tomochika et al. (63) observed decreased systolic peak flow velocities or SFR of LAD arteries in individuals with HCM, and they reported a significant inverse correlation between systolic velocity and ventricular septum thickness, as assessed by transesophageal echocardiography. Akasaka et al. (64) corroborated these findings using coronary Doppler catheters. By assessing coronary blood flow using TTE, Crowley et al. (8) reported reversed systolic flow, abnormal velocity, prolonged diastolic AT, and prolonged diastolic deceleration time in HCM.

In HCM, a no-reflow-like pattern in intramyocardial coronaries is highly associated with myocardial ischemia in the absence of epicardial coronary artery stenosis. Two different flow patterns can be observed when focusing on the DDT—a slow deceleration slope and a steep deceleration slope. Kim et al. (65) described a steep slope with a deceleration time of <300 ms in intramyocardial coronaries of HCM patients, indicating a no-reflow-like pattern. They reported that patients with steep deceleration time present more frequent cardiovascular symptoms and a higher incidence of exercise-induced ischemia, as assessed by thallium-201 scintigraphy. Studies have suggested that SFR, diastolic slow acceleration, and rapid deceleration are characteristic changes in intramyocardial coronary and LAD arteries in HCM (32, 66), disagreeing with some previous studies regarding deceleration changes (4, 8). Thus, these findings indicate that there are distinct flow patterns within the same disease on the basis of the extent of disease severity, providing a method for HCM patient stratification.

During reactive hyperemia, accelerated flow velocity persists throughout diastole, resulting in a diastolic flow pattern with a rectangular or mountainous profile. A hallmark rectangular diastolic flow pattern is consistently observed in resting HCM patients, reflecting increased myocardial oxygen demand compared with healthy individuals (4).

In 2023, Tajik et al. (67) identified a distinct and novel flow velocity profile of the LAD artery in HCM—a transient velocity dip in end-diastolic flow accompanied by markedly elevated left ventricular end-diastolic pressure. Coronary blood flow is dependent on coronary perfusion pressure. The transient dip in flow velocity reflects a rapid decrease in coronary perfusion pressure caused by elevated left ventricular end-diastolic pressure secondary to atrial contraction.

The diastolic flow velocities in septal arteries are higher in patients with HCM compared with those in healthy individuals. These velocities in HCM consist of an abrupt reduction after an initial high velocity, followed by a plateau—a pattern that resembles the square root sign (68). Another study has revealed that the detection rate of the septal artery is >50% in HCM and that different diastolic flow patterns of the septal artery are associated with varying grades of diastolic dysfunction (69).

Endomyocardial fibrosis leads to decreased ventricular compliance and increased ventricular diastolic pressure. Aburawi et al. (70) reported increased coronary flow velocity of the LAD artery and PDA, with early termination, in two biventricular affected children, resulting in inadequate perfusion and ultimately fibrosis progression.



Other diseases

TTE has detected SFR and prolonged DDT in patients with aortic stenosis (71); however, these abnormalities resolve following improvement of stenosis (72). Coronary flow is closely correlated with left ventricular pressure and myocardial ischemia. Systolic coronary flow abnormalities are predictive of prognosis, likely due to microvascular impairment.

Fukuda et al. demonstrated that a hypertrophic heart is characterized by prolonged diastolic AT and late-diastolic step formation, and they reported that these features correlate with the degree of hypertrophy in hypertensive hearts and differ from those in HCM (73). Slow diastolic acceleration indicates a slow pressure gradient between the aorta and the left ventricle, corresponding to a slow decrease in left ventricular pressure. Late-diastolic step formation is detected in hypertension with left ventricular hypertrophy, which is often present in HCM. The late-diastolic step waveform is associated with elevated left ventricular end-diastolic stiffness, indicating elevated left ventricular end-diastolic pressure and decreased perfusion pressure.

Tona et al. (74) first reported that a shorter DDT (<860 ms) predicts future MACEs following heart transplantation. Moreover, cardiac allograft vasculopathy, which affects both epicardial coronary arteries and the microvasculature, is a main limiting factor for long-term survival. Although non-invasive TTE can assess coronary flow abnormalities, further studies are needed to clarify the clinical significance of resting coronary flow patterns in heart transplant recipients.




Discussion

Recent studies have demonstrated that TTE-derived resting coronary flow parameters (such as velocity, SFR, DDT, and %AT) provide non-invasive insights into coronary hemodynamics and prognostication across various disease states, in particular, CAD and HCM. Coronary flow reflects microvascular function, myocardial ischemia, and perfusion pressure, making it a valuable tool for evaluating cardiovascular diseases and other related disorders.

In CAD, the presence of high-velocity diastolic flow at rest, often accompanied by a mosaic pattern, indicates local coronary stenosis. Further coronary CT angiography and invasive coronary angiography are recommended. Moreover, the resulting increase in the diastolic-to-systolic velocity ratio also suggests the presence of a stenotic lesion. Elevated diastolic flow velocity has also been shown to predict a higher risk of adverse cardiovascular events, potentially due to more severe microvascular impairment. Conversely, extremely low diastolic flow velocity may also signify impaired perfusion, as observed in the slow coronary flow phenomenon. From a spectral morphology perspective, shortened deceleration time in coronary flow indicates more severe microvascular dysfunction and larger areas of infarcted myocardium. Another condition in which resting coronary flow assessment has been applied is HCM. In HCM, a shorter deceleration time reflects poorer myocardial viability, while the appearance of atrial dip and a steep early diastolic drop in the septal coronary flow spectrum are both associated with impaired diastolic function. Assessment of resting coronary flow provides a general understanding of the patient's prognosis, which is helpful for guiding clinical medication and decision-making. In patients with poor reperfusion recovery after the procedure, it also offers a mechanistic explanation. The use of high-resolution ultrasound systems with optimized Nyquist limits and beam alignment protocols enhances the reliability of flow measurements, enabling more precise characterization of microvascular and macrovascular abnormalities. However, several limitations persist. Operator dependency, patient body habitus, and interobserver variability remain significant barriers. This coronary flow imaging technique is highly dependent on the operator's experience, requiring systematic learning and training over a certain period to reliably and efficiently identify the target coronary arteries. In addition, patient-related factors may impose technical limitations: poor acoustic windows or tortuous vessel courses can hinder acquisition of high-quality coronary color Doppler signals. While these parameters show promise, especially in diagnosing and prognosticating CAD, their clinical utility is currently limited due to inconsistent application and low feasibility, likely stemming from a lack of standardized protocols and insufficient awareness among clinicians.

Most recent studies on resting coronary flow using TTE are mainly observational, single-center studies with small sample sizes, limiting generalizability. The translational gap between technical advancements and clinical practice highlights key areas for future research. Future efforts should focus on translating these technical refinements into standardized clinical workflows to improve the accessibility, reproducibility, and value of resting coronary flow. It is also valuable to elucidate the applications and value of resting coronary flow across a broad spectrum of diseases. Moreover, large-scale and multicenter studies are essential to provide robust evidence for its diagnostic accuracy and prognostic value in predicting adverse cardiovascular events. Figure 4 provides a concise summary of the related barriers and opportunities. As a non-invasive, convenient, and clinically meaningful echocardiographic parameter, resting coronary flow holds great promise and should not be overlooked. Assessment of resting coronary flow characteristics allows evaluation of epicardial coronary stenosis, reflects microvascular function and myocardial perfusion status, and provides prognostic insights into MACEs.


[image: A comparison chart with two columns: \"Barriers\" and \"Opportunities.\" Under \"Barriers,\" it lists: Operator dependency (less experience, incorrect skills), Patient habitus (poor acoustic windows, tortuous vessel course), and Standardization (no specific guidelines). Under \"Opportunities,\" it lists: Operator training (specific guidelines, systematic learning and training), and Application (increase predictive value, requires large-scale and multicenter studies, expand the application scope of the disease spectrum).]
FIGURE 4
A succinct outline of the barriers and opportunities associated with the application of resting coronary flow.




Author contributions

ZH: Conceptualization, Visualization, Writing – original draft, Writing – review & editing. RZ: Supervision, Writing – original draft, Writing – review & editing. XZ: Conceptualization, Writing – review & editing. LS: Conceptualization, Writing – review & editing. SZ: Investigation, Writing – review & editing. JX: Investigation, Writing – review & editing. YX: Investigation, Writing – review & editing. QL: Supervision, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence, and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Abbreviations

TTE, transthoracic echocardiography; LAD, left anterior descending; RCA, right coronary artery; LCX, left circumflex artery; PDA, posterior descending artery; MACE, major adverse cardiac events; CAD, coronary artery disease; LVEF, left ventricular ejection fraction; CFVR, coronary flow velocity reserve; AsF, accelerated stenotic flow; TIMI, thrombolysis in myocardial infarction; HCM, hypertrophic cardiomyopathy; DDT, diastolic deceleration time; DPH, diastolic pressure half-time; AT, acceleration time; AMI, acute myocardial infarction; SFR, systolic flow reversal.



References


	1. Picano E. Coronary flow velocity at rest: a speed limit for a safe prognostic journey?. Acta Cardiol. (2023) 78(4):488–90. doi: 10.1080/00015385.2021.2020483


	2. Weyman AE, Feigenbaum H, Dillon JC, Johnston KW, Eggleton RC. Noninvasive visualization of the left main coronary artery by cross-sectional echocardiography. Circulation. (1976) 54(2):169–74. doi: 10.1161/01.CIR.54.2.169


	3. Satomi G, Nakamura K, Narai S, Takao A. Systematic visualization of coronary arteries by two-dimensional echocardiography in children and infants: evaluation in Kawasaki’s disease and coronary arteriovenous fistulas. Am Heart J. (1984) 107(3):497–505. doi: 10.1016/0002-8703(84)90092-9


	4. Fusejima K. Noninvasive measurement of coronary artery blood flow using combined two-dimensional and Doppler echocardiography. J Am Coll Cardiol. (1987) 10(5):1024–31. doi: 10.1016/S0735-1097(87)80342-X


	5. Zagatina A, Guseva O, Kalinina E, Rigo F, Caprnda M, Masan J, et al. Additive prognostic value of high baseline coronary flow velocity to ejection fraction during resting echocardiography: 3-year prospective study. Acta Cardiol. (2023) 78(4):389–99. doi: 10.1080/00015385.2021.2013004


	6. Watanabe N. Noninvasive assessment of coronary blood flow by transthoracic Doppler echocardiography: basic to practical use in the emergency room. J Echocardiogr. (2017) 15(2):49–56. doi: 10.1007/s12574-016-0324-2


	7. Picano E, Pierard L, Peteiro J, Djordjevic-Dikic A, Sade LE, Cortigiani L, et al. The clinical use of stress echocardiography in chronic coronary syndromes and beyond coronary artery disease: a clinical consensus statement from the European Association of Cardiovascular Imaging of the ESC. Eur Heart J Cardiovasc Imaging. (2024) 25(2):e65–90. doi: 10.1093/ehjci/jead250


	8. Crowley JJ, Dardas PS, Harcombe AA, Shapiro LM. Transthoracic Doppler echocardiographic analysis of phasic coronary blood flow velocity in hypertrophic cardiomyopathy. Heart. (1997) 77(6):558–63. doi: 10.1136/hrt.77.6.558


	9. Zhang PF, Tian JW, Zhu TG, Wu JF, Leng XP, Wang Y, et al. Stress echocardiography for chronic coronary syndrome: clinical practice guidelines (2023). J Geriatr Cardiol. (2024) 21(5):475–505. doi: 10.26599/1671-5411.2024.05.001


	10. Takeuchi M, Nakazono A. Coronary artery imaging with transthoracic Doppler echocardiography. Current Cardiol Rep. (2016) 18(7):63. doi: 10.1007/s11886-016-0740-y


	11. Boshchenko A, Vrublevsky A, Karpov R. Transthoracic echocardiography in the assessment of coronary arteries [Internet]. In: Branislav B, editor. Coronary Angiography - Advances in Noninvasive Imaging Approach for Evaluation of Coronary Artery Disease. InTech. London: IntechOpen Limited (2011). doi: 10.5772/21793


	12. Boshchenko AA, Vrublevsky AV, Karpov RS. Transthoracic echocardiography in the detection of chronic total coronary artery occlusion. Eur J Echocardiogr. (2009) 10(1):62–8. doi: 10.1093/ejechocard/jen159


	13. Youn HJ, Redberg RF, Schiller NB, Foster E. Demonstration of penetrating intramyocardial coronary arteries with high-frequency transthoracic echocardiography and Doppler in human subjects. J Am Soc Echocardiogr. (1999) 12(1):55–63. doi: 10.1016/S0894-7317(99)70173-2


	14. Sherrrid MV, Mahenthiran J, Casteneda V, Fincke R, Gasser M, Barac I, et al. Comparison of diastolic septal perforator flow velocities in hypertrophic cardiomyopathy versus hypertensive left ventricular hypertrophy. Am J Cardiol. (2006) 97(1):106–12. doi: 10.1016/j.amjcard.2005.07.128


	15. Holte E, Vegsundvåg J, Hegbom K, Hole T, Wiseth R. Transthoracic Doppler for detection of stenoses in the three main coronary arteries by use of stenotic to prestenotic velocity ratio and aliased coronary flow. Eur Heart J Cardiovasc Imaging. (2015) 16(12):1323–30. doi: 10.1093/ehjci/jev158


	16. Cortigiani L, Rigo F, Gherardi S, Bovenzi F, Molinaro S, Picano E, et al. Coronary flow reserve during dipyridamole stress echocardiography predicts mortality. JACC Cardiovasc Imaging. (2012) 5(11):1079–85. doi: 10.1016/j.jcmg.2012.08.007


	17. Kelshiker MA, Seligman H, Howard JP, Rahman H, Foley M, Nowbar AN, et al. Coronary flow reserve and cardiovascular outcomes: a systematic review and meta-analysis. Eur Heart J. (2022) 43(16):1582–93. doi: 10.1093/eurheartj/ehab775


	18. Anchisi C, Marti G, Bellacosa I, Mary D, Vacca G, Marino P, et al. Coronary flow reserve/diastolic function relationship in angina-suffering patients with normal coronary angiography. J Cardiovasc Med. (2017) 18(5):325–31. doi: 10.2459/JCM.0000000000000344


	19. Cortigiani L, Gaibazzi N, Ciampi Q, Rigo F, Rodríguez-Zanella H, Wierzbowska-Drabik K, et al. High resting coronary flow velocity by echocardiography is associated with worse survival in patients with chronic coronary syndromes. J Am Heart Assoc. (2024) 13(4):e031270. doi: 10.1161/JAHA.123.031270


	20. Okamura A, Ito H, Iwakura K, Kawano S, Inoue K, Yamamoto K, et al. Usefulness of a new grading system based on coronary flow velocity pattern in predicting outcome in patients with acute myocardial infarction having percutaneous coronary intervention. Am J Cardiol. (2005) 96(7):927–32. doi: 10.1016/j.amjcard.2005.05.049


	21. Lee S, Otsuji Y, Minagoe S, Hamasaki S, Toyonaga K, Negishi M, et al. Noninvasive evaluation of coronary reperfusion by transthoracic Doppler echocardiography in patients with anterior acute myocardial infarction before coronary intervention. Circulation. (2003) 108(22):2763–8. doi: 10.1161/01.CIR.0000103625.15944.62


	22. Kern MJ, Moore JA, Aguirre FV, Bach RG, Caracciolo EA, Wolford T, et al. Determination of angiographic (TIMI grade) blood flow by intracoronary Doppler flow velocity during acute myocardial infarction. Circulation. (1996) 94(7):1545–52. doi: 10.1161/01.CIR.94.7.1545


	23. Nie SP, Geng LL, Wang X, Zhang XS, Yang Y, Liu BQ, et al. Can transthoracic Doppler echocardiography be used to detect coronary slow flow phenomenon? Chin Med J. (2010) 123(24):3529–33. doi: 10.3760/cma.j.issn.0366-6999.2010.24.005


	24. Caiati C, Pollice P, Iacovelli F, Sturdà F, Lepera ME. Accelerated stenotic flow in the left anterior descending coronary artery explains the causes of impaired coronary flow reserve: an integrated transthoracic enhanced Doppler study. Front Cardiovasc Med. (2023) 10:1186983. doi: 10.3389/fcvm.2023.1186983


	25. Hozumi T, Yoshida K, Akasaka T, Asami Y, Kanzaki Y, Ueda Y, et al. Value of acceleration flow and the prestenotic to stenotic coronary flow velocity ratio by transthoracic color Doppler echocardiography in noninvasive diagnosis of restenosis after percutaneous transluminal coronary angioplasty. J Am Coll Cardiol. (2000) 35(1):164–8. doi: 10.1016/S0735-1097(99)00501-X


	26. Krzanowski M, Bodzoń W, Brzostek T, Niżankowski R, Szczeklik A. Value of transthoracic echocardiography for the detection of high-grade coronary artery stenosis: prospective evaluation in 50 consecutive patients scheduled for coronary angiography. J Am Soc Echocardiogr. (2000) 13(12):1091–9. doi: 10.1067/mje.2000.108130


	27. Higashi H, Okayama H, Saito M, Morioka H, Aono J, Yoshii T, et al. Role of transthoracic Doppler echocardiography in patients with a proximal left coronary artery lesion that cannot be diagnosed by computed tomography angiography. Am J Cardiol. (2013) 112(7):938–42. doi: 10.1016/j.amjcard.2013.05.023


	28. Vegsundvåg J, Holte E, Wiseth R, Hegbom K, Hole T. Coronary artery occlusions diagnosed by transthoracic Doppler. Cardiovasc Ultrasound. (2014) 12:12. doi: 10.1186/1476-7120-12-12


	29. Gaibazzi N, Davies J, Tuttolomondo D, Pontone G, Guaricci AI, Lorenzoni V, et al. Association of coronary artery Doppler-echocardiography diastolic-systolic velocity ratio at rest with obstructive coronary artery stenosis on the left main or left anterior descending coronary artery. Int J Cardiol. (2019) 281:1–7. doi: 10.1016/j.ijcard.2019.01.104


	30. Holte E, Vegsundvåg J, Hegbom K, Hole T, Wiseth R. Transthoracic Doppler echocardiography for detection of stenoses in the left coronary artery by use of poststenotic coronary flow profiles: a comparison with quantitative coronary angiography and coronary flow reserve. J Am Soc Echocardiogr. (2013) 26(1):77–85. doi: 10.1016/j.echo.2012.10.001


	31. Daimon M, Watanabe H, Yamagishi H, Kuwabara Y, Hasegawa R, Toyoda T, et al. Physiologic assessment of coronary artery stenosis without stress tests: noninvasive analysis of phasic flow characteristics by transthoracic Doppler echocardiography. J Am Soc Echocardiogr. (2005) 18(9):949–55. doi: 10.1016/j.echo.2005.01.006


	32. Ferreiro DE, Cianciulli TF, Saccheri MC, Lax JA, Celano L, Beck MA, et al. Assessment of coronary flow with transthoracic color Doppler echocardiography in patients with hypertrophic cardiomyopathy. Echocardiography. (2013) 30(10):1156–63. doi: 10.1111/echo.12242


	33. Dimitrow PP, Krzanowski M, Nizankowski R, Szczeklik A, Dubiel JS. Effect of verapamil on systolic and diastolic coronary blood flow velocity in asymptomatic and mildly symptomatic patients with hypertrophic cardiomyopathy. Heart. (2000) 83(3):262–6. doi: 10.1136/heart.83.3.262


	34. Celik S, Dagdeviren B, Yildirim A, Gorgulu S, Uslu N, Eren M, et al. Determinants of coronary flow abnormalities in obstructive type hypertrophic cardiomyopathy: noninvasive assessment by transthoracic Doppler echocardiography. J Am Soc Echocardiogr. (2004) 17(7):744–9. doi: 10.1016/j.echo.2004.03.028


	35. Celik S, Dagdeviren B, Yildirim A, Uslu N, Soylu O, Gorgulu S, et al. Comparison of coronary flow velocities between patients with obstructive and nonobstructive type hypertrophic cardiomyopathy: noninvasive assessment by transthoracic Doppler echocardiography. Echocardiography. (2005) 22(1):1–7. doi: 10.1111/j.0742-2822.2005.03172.x


	36. Minagoe S. Transthoracic Doppler echocardiographic assessment of left anterior descending coronary artery and intramyocardial small coronary artery flow in patients with hypertrophic cardiomyopathy. J Cardiol. (2001) 37(Suppl 1):115–20.11433814


	37. Zagatina A, Zhuravskaya N, Kamenskikh M, Shmatov D, Sayganov S, Rigo F. Role of coronary flow velocity in predicting adverse outcome in clinical practice. Ultrasound Med Biol. (2018) 44(7):1402–10. doi: 10.1016/j.ultrasmedbio.2018.03.021


	38. Zagatina A, Kalinina E, Caprnda M, Gaspar L, Gazdikova K, Ullrich D, et al. Prognostic value of Doppler echocardiographic coronary flow velocity assessment at rest in elderly patients. Acta Cardiol. (2023) 78(4):409–16. doi: 10.1080/00015385.2022.2121538


	39. Morofuji T, Saito M, Inaba S, Morioka H, Sumimoto T. Prognostic value of proximal left coronary artery flow velocity detected by transthoracic Doppler echocardiography. Int J Cardiol Heart Vasculature. (2018) 19:52–7. doi: 10.1016/j.ijcha.2018.04.003


	40. Zagatina A, Zhuravskaya N, Vareldzhyan Y, Kamenskikh M, Shmatov D, Benacka J, et al. Transthoracic coronary flow data at rest predict high-risk stress tests. Acta Radiol. (2018) 59(6):664–71. doi: 10.1177/0284185117733143


	41. de Gregorio C, Grimaldi P, Ferrazzo G, Di Bella G, Casale M, Arrigo F, et al. Pathophysiological and clinical implications of high intramural coronary blood flow velocity in aortic stenosis. Heart Vessels. (2020) 35(5):637–46. doi: 10.1007/s00380-019-01532-9


	42. Sezer M, Kocaaga M, Aslanger E, Atici A, Demirkiran A, Bugra Z, et al. Bimodal pattern of coronary microvascular involvement in diabetes mellitus. J Am Heart Assoc. (2016) 5(11):e003995. doi: 10.1161/JAHA.116.003995


	43. Picchi A, Limbruno U, Focardi M, Cortese B, Micheli A, Boschi L, et al. Increased basal coronary blood flow as a cause of reduced coronary flow reserve in diabetic patients. Am J Physiol: Heart Circ Physiol. (2011) 301(6):H2279–84. doi: 10.1152/ajpheart.00615.2011


	44. Lembo M, Sicari R, Esposito R, Rigo F, Cortigiani L, Lo Iudice F, et al. Association between elevated pulse pressure and high resting coronary blood flow velocity in patients with angiographically normal epicardial coronary arteries. J Am Heart Assoc. (2017) 6(7):e005710. doi: 10.1161/JAHA.117.005710


	45. Watanabe S, Usui M. Clinical significance of early systolic reverse flow in left anterior descending coronary artery on transthoracic echocardiography in patients with acute myocardial infarction. Echocardiography. (2021) 38(3):440–5. doi: 10.1111/echo.15008


	46. Tani T, Tanabe K, Kureha F, Katayama M, Kinoshita M, Tamita K, et al. Transthoracic Doppler echocardiographic assessment of left anterior descending coronary artery and intramyocardial artery predicts left ventricular remodeling and wall-motion recovery after acute myocardial infarction. J Am Soc Echocardiogr. (2007) 20(7):813–9. doi: 10.1016/j.echo.2006.12.003


	47. Yamamuro A, Akasaka T, Tamita K, Yamabe K, Katayama M, Takagi T, et al. Coronary flow velocity pattern immediately after percutaneous coronary intervention as a predictor of complications and in-hospital survival after acute myocardial infarction. Circulation. (2002) 106(24):3051–6. doi: 10.1161/01.CIR.0000043022.44032.77


	48. Saraste A, Koskenvuo JW, Saraste M, Pärkkä J, Toikka J, Naum A, et al. Coronary artery flow velocity profile measured by transthoracic Doppler echocardiography predicts myocardial viability after acute myocardial infarction. Heart. (2007) 93(4):456–7. doi: 10.1136/hrt.2006.094995


	49. Shintani Y, Ito H, Iwakura K, Kawano S, Tanaka K, Masuyama T, et al. Usefulness of impairment of coronary microcirculation in predicting left ventricular dilation after acute myocardial infarction. Am J Cardiol. (2004) 93(8):974–8. doi: 10.1016/j.amjcard.2003.12.050


	50. Hozumi T, Kanzaki Y, Ueda Y, Yamamuro A, Takagi T, Akasaka T, et al. Coronary flow velocity analysis during short term follow up after coronary reperfusion: use of transthoracic Doppler echocardiography to predict regional wall motion recovery in patients with acute myocardial infarction. Heart. (2003) 89(10):1163–8. doi: 10.1136/heart.89.10.1163


	51. Iwakura K, Ito H, Kawano S, Okamura A, Tanaka K, Nishida Y, et al. Assessing myocardial perfusion with the transthoracic Doppler technique in patients with reperfused anterior myocardial infarction: comparison with angiographic, enzymatic and electrocardiographic indices. Eur Heart J. (2004) 25(17):1526–33. doi: 10.1016/j.ehj.2004.06.029


	52. Iwakura K, Ito H, Takiuchi S, Taniyama Y, Nakatsuchi Y, Negoro S, et al. Alternation in the coronary blood flow velocity pattern in patients with no reflow and reperfused acute myocardial infarction. Circulation. (1996) 94(6):1269–75. doi: 10.1161/01.CIR.94.6.1269


	53. Giga V, Tesic M, Beleslin B, Boskovic N, Sobic-Saranovic D, Jovanovic I, et al. Predictors of diastolic deceleration time of coronary flow velocity of infarct related and reference coronary artery assessed by transthoracic Doppler echocardiography in the chronic phase of successfully reperfused anterior myocardial infarction: relation to infarct size. Front Cardiovasc Med. (2023) 10:1196206. doi: 10.3389/fcvm.2023.1196206


	54. Karatasakis G, Leontiadis E, Papadakis E, Koutsogiannis N, Athanassopoulos G, Spargias K, et al. Transthoracic Doppler echocardiography assessment of left anterior descending artery flow in patients with previous anterior myocardial infarction. Eur J Echocardiogr. (2008) 9(3):363–7. doi: 10.1016/j.euje.2007.06.001


	55. Shintani Y, Ito H, Iwakura K, Sugimoto K, Yamamoto K, Masuyama T, et al. Prediction of wall motion recovery from the left anterior descending coronary artery velocity pattern recorded by transthoracic Doppler echocardiography in patients with anterior wall myocardial infarction retrospective and prospective studies. Jpn Circ J. (2001) 65(8):717–22. doi: 10.1253/jcj.65.717


	56. Agostini F, Iannone MA, Mazzucco R, Cionini F, Baccaglioni N, Lettieri C, et al. Coronary flow velocity pattern assessed by transthoracic Doppler echocardiography predicts adverse clinical events and myocardial recovery after successful primary angioplasty. J Cardiovasc Med. (2006) 7(10):753–60. doi: 10.2459/01.JCM.0000247323.57536.4d


	57. Tasaki H, Yamashita K, Hirakawa N, Suzuka H, Morishita T, Okazaki M, et al. Detection of patency of internal mammary artery grafts to the left anterior descending artery by transthoracic Doppler echocardiography. Echocardiography. (2006) 23(9):741–9. doi: 10.1111/j.1540-8175.2006.00304.x


	58. Sharif D, Rofe G, Sharif-Rasslan A, Goldhammer E, Makhoul N, Shefer A, et al. Analysis of serial coronary artery flow patterns early after primary angioplasty: new insights into the dynamics of the microcirculation. Isr Med Assoc J. (2008) 10(6):440–4.18669143


	59. Nohtomi Y, Takeuchi M, Nagasawa K, Arimura K, Miyata K, Kuwata K, et al. Persistence of systolic coronary flow reversal predicts irreversible dysfunction after reperfused anterior myocardial infarction. Heart. (2003) 89(4):382–8. doi: 10.1136/heart.89.4.382


	60. Watanabe N, Akasaka T, Yamaura Y, Akiyama M, Koyama Y, Kamiyama N, et al. Noninvasive detection of total occlusion of the left anterior descending coronary artery with transthoracic Doppler echocardiography. J Am Coll Cardiol. (2001) 38(5):1328–32. doi: 10.1016/S0735-1097(01)01556-X


	61. Hirata K, Watanabe H, Hozumi T, Tokai K, Otsuka R, Fujimoto K, et al. Simple detection of occluded coronary artery using retrograde flow in septal branch and left anterior descending coronary artery by transthoracic Doppler echocardiography at rest. J Am Soc Echocardiogr. (2004) 17(2):108–13. doi: 10.1016/j.echo.2003.09.019


	62. Takemoto K, Hirata K, Wada N, Shiono Y, Komukai K, Tanimoto T, et al. Acceleration time of systolic coronary flow velocity to diagnose coronary stenosis in patients with microvascular dysfunction. J Am Soc Echocardiogr. (2014) 27(2):200–7. doi: 10.1016/j.echo.2013.10.013


	63. Tomochika Y, Tanaka N, Wasaki Y, Shimizu H, Hiro J, Takahashi T, et al. Assessment of flow profile of left anterior descending coronary artery in hypertrophic cardiomyopathy by transesophageal pulsed Doppler echocardiography. Am J Cardiol. (1993) 72(18):1425–30. doi: 10.1016/0002-9149(93)90191-E


	64. Akasaka T, Yoshikawa J, Yoshida K, Maeda K, Takagi T, Miyake S. Phasic coronary flow characteristics in patients with hypertrophic cardiomyopathy: a study by coronary Doppler catheter. J Am Soc Echocardiogr. (1994) 7(1):9–19. doi: 10.1016/S0894-7317(14)80413-6


	65. Kim WS, Minagoe S, Mizukami N, Zhou X, Yoshinaga K, Takasaki K, et al. No reflow-like pattern in intramyocardial coronary artery suggests myocardial ischemia in patients with hypertrophic cardiomyopathy. J Cardiol. (2008) 52(1):7–16. doi: 10.1016/j.jjcc.2008.04.004


	66. Watanabe N, Akasaka T, Yamaura Y, Akiyama M, Kaji S, Saito Y, et al. Intramyocardial coronary flow characteristics in patients with hypertrophic cardiomyopathy: non-invasive assessment by transthoracic Doppler echocardiography. Heart. (2003) 89(6):657–8. doi: 10.1136/heart.89.6.657


	67. Peters M, Galazka P, Howard L, Tajik AJ. Doppler flow velocity profile of the left anterior descending in a patient with hypertrophic cardiomyopathy and markedly elevated left ventricular end-diastolic pressure: a novel observation. Eur Heart J Cardiovasc Imaging. (2023) 24(7):e113. doi: 10.1093/ehjci/jead069


	68. Desai D, Jan MF, Kalvin L, Tajik AJ. Septal artery diastolic flow profile in hypertrophic restrictive cardiomyopathy: Doppler square root sign!. Eur Heart J Cardiovasc Imaging. (2017) 18(9):1067. doi: 10.1093/ehjci/jex061


	69. Galazka P, Jahangir A, Kanani J, Ali M, Schweitzer M, Jan MF, et al. Hypertrophic cardiomyopathy-septal perforator arteries Doppler flow dynamics. J Am Soc Echocardiogr. (2024) 37(3):338–51. doi: 10.1016/j.echo.2023.11.018


	70. Aburawi EH, Liuba P, Pesonen E. Coronary blood flow by transthoracic echocardiography in children with endomyocardial fibrosis. Pediatr Cardiol. (2009) 30(3):371–3. doi: 10.1007/s00246-008-9330-0


	71. Kenny A, Wisbey CR, Shapiro LM. Profiles of coronary blood flow velocity in patients with aortic stenosis and the effect of valve replacement: a transthoracic echocardiographic study. Heart. (1994) 71(1):57–62. doi: 10.1136/hrt.71.1.57


	72. Suzuki W, Nakano Y, Ando H, Fujimoto M, Sakurai H, Suzuki M, et al. Association between coronary flow and aortic stenosis during transcatheter aortic valve implantation. ESC Heart Failure. (2023) 10(3):2031–41. doi: 10.1002/ehf2.14316


	73. Fukuda N, Fukuda Y, Morishita S, Sakabe K, Shinohara H, Tamura Y. Diastolic flow velocity pattern of the left anterior descending coronary artery in hypertrophied heart, with special reference to the difference between hypertrophic cardiomyopathy and hypertensive left ventricular hypertrophy. J Echocardiogr. (2010) 8(2):45–51. doi: 10.1007/s12574-009-0031-3


	74. Tona F, Caforio AL, Montisci R, Gambino A, Angelini A, Ruscazio M, et al. Coronary flow velocity pattern and coronary flow reserve by contrast-enhanced transthoracic echocardiography predict long-term outcome in heart transplantation. Circulation. (2006) 114(1 Suppl):I49–55. doi: 10.1161/CIRCULATIONAHA.105.001321






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Clinical applications of resting coronary flow detection via transthoracic echocardiography

		Introduction



		TTE coronary detection



		Machine settings



		Methods for coronary flow detection



		Assessment of parameters











		Coronary flow velocity clinical applications by disease category



		CAD



		CAD: prognosis indicators



		CAD: stenosis assessment



		HCM



		Other conditions











		Coronary flow pattern clinical applications by disease category



		CAD



		Cardiomyopathy



		Other diseases











		Discussion



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher's note



		Abbreviations



		References




















OPS/images/cover.jpg
, frontiers | Frontiers in Cardiovascular Medicine

Clinical applications of resting coronary flow
detection via transthoracic echocardiography





OPS/images/fcvm-12-1641896-g001.jpg








OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Cardiovascular Medicine





OPS/images/fcvm-12-1641896-g002.jpg
0ssm/s

040m/s

124 mmHg.

Pmean  0.73 mmHg

EnvIi  54671ms
Vil 2204cm






OPS/images/fcvm-12-1641896-g003.jpg





OPS/images/fcvm-12-1641896-g004.jpg
Barriers

Operator dependency

> Less experience

> Incorrect skills

Patient habitus

»> Poor acoustic windows |
> Tortuous vessel course
Standardization

» No specific guidelines

Operator training

» Specific guidelines

> Systematic learning and training

Application

> Increase the predictive value

» Requires large-scale and
multicenter studies

» Expand the application scope of

the disease spectrum





