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CHAPTER 1: Introduction, Background, and the Perioperative Problem of 

Echocardiography 
Heart disease has continued to be the single leading cause of death in Western countries.1 Postoperative 

cardiac mortality remains high,1 and cardiac complications after surgery are the leading cause of 

postoperative mortality.2-6 Early assessment of cardiac performance in the perioperative period is 

imperative for informed decision making and patient management. Although the use of preoperative risk 

stratification may help identify at-risk patients5,7-13 and early postoperative biomarkers may help identify 

complications and events,14-22 the former inherently neglects intraoperative occurrences and the latter is 

inherently a rear-view mirror of past events.  

In contrast, real-time intraoperative echocardiography offers substantial benefits in patient management 

and outcomes. Indeed, the perioperative echocardiographic quantification of myocardial function is of 

great importance in patient management23-28 and is increasingly being recommended intraoperatively29,30 

in spite of some unresolved issues.  

Traditionally, echocardiography is rooted in cardiology and in transthoracic echocardiography (TTE). Due 

to this heavy focus as well as the importance of echocardiography in the omnipresent, vast, and influential 

field of cardiology, scientific and industrial focus is rooted here rather than on perioperative 

echocardiography. Consequently, many perioperative physicians view echocardiography as a “TTE market” 

with “TTE tools” focusing on systematic standardized examinations of awake, non-anesthetized patients. 

The transferability of these tools and measurements to TEE is insufficiently examined. 

Perioperatively, clinicians must often rely on TEE to visualize the heart and 1) lack the luxury of optimizing 

transducer position as it is limited by the patient’s anatomy. As such, they 2) generally utilize TTE software 

and standards to assess and quantify function, and 3) must rely upon study results, recommendations, and 

guidelines largely based upon TTE and cardiological situations. The result is a different image library with 

different views made with different probes, all without specific industry support. Additionally – and very 

importantly, – TEE is often performed in a time-sensitive, high-stress context in which a number of tasks 

must be managed simultaneously. This has severely limited standardization in TEE. Finally, while patients 

receiving a standard TTE exam are resting, stable patients able to cooperate in image acquisition (e.g. 

breath holding, left lateral decubitus position, raising the arm to augment intercostal space, etc.), 

perioperative patients are often under anesthesia/sedation, mechanically ventilated, and in highly 

dynamic states. This is clearly a very different context. 
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Not surprisingly, clinicians often observe differences between intraoperative TEE and preoperative TTE 

measurements.34 Oftentimes, these differences are attributed to different patient conditions, i.e. 

mechanical ventilation, anesthesia, and the associated changes in inotropy and loading conditions. 18,35  In 

other words, these conditions reflect real changes in the patient’s state of being. However, systematically 

different measurements in TEE due to (mis)applying a standard TTE method may also be present and do 

not reflect true changes in the patient’s state of being.  

This may be most evident in the use of angle-dependent technologies such as M-mode and tissue Doppler 

imaging (TDI), which require nearly linear alignment between the transducer and the field of motion (e.g. 

the tricuspid or mitral annulus) for accurate measurements. Echocardiographic (mainly TTE-based) 

quantification is largely based on angle-dependent technologies such as M-mode and Doppler, which 

depend highly on transducer position. Recall that in TTE, the position of the transducer may easily be 

moved relative to the heart in order to optimize alignment, but in TEE this position is limited to the 

patient’s esophagus and stomach. For angle-dependent measurements, the ensuing misalignment may 

lead to significant underestimation of measures values. However, quantitative echocardiography by 

conventional, angle-dependent technologies is fundamental in major (TTE-based) guidelines for the 

identification of normal and pathological states,31 right ventricular function,32 and left ventricular diastolic 

function.33 As no similar guidelines for TEE exist, perioperative clinicians are left without appropriate 

guidance. While some guidelines have stated as a first caveat that their recommendations are not 

applicable to the perioperative period,32,33 others recommend simply adopting TTE values.31 While the 

former is not particularly helpful for perioperative TEE, the latter may be incorrect. If, however, systematic 

differences exist under identical loading conditions, then measurements, normal values, and cut-offs from 

TTE may not be applicable to TEE, regardless of anesthesia and ventilation.   

 

Therefore, a major unresolved issue – and the focus of this thesis – is the transferability of gold standard, 

conventional M-mode and TDI measurements made in TTE to assess right ventricular and left ventricular, 

systolic and diastolic function to the perioperative (TEE) echocardiography context.  

 

Aims, Structure, and Hypotheses of this Thesis 

The primary aim of this thesis was to examine the transferability of TTE-based measurements of annular 

displacement and velocity to perioperative echocardiography (mainly TEE). The secondary aim was to seek 

out alternatives, either by applying alternative views and/or by employing an alternative technology 

(speckle-tracking). This is the common uniting element of the four publications.   
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Specifically, we examined these aims in three clinical contexts: 1) assessing right ventricular longitudinal 

function by conventional and novel measurements in TEE, 2) assessing left ventricular diastolic function 

by conventional and novel measurements in TEE, and 3) assessing speckle-tracking-based quantification 

of left ventricular function in point-of-care TTE. 

True to our aims, we examined specific hypotheses to each of these three clinical contexts. These 

hypotheses may be found with a link to the relevant chapter at the end of the following subsections: 

Clinical Setting 1: Assessing Right Ventricular Longitudinal Function by 

Conventional and Novel Measurements in TEE  

Specifically for right ventricular failure (RVF), in-hospital mortality generally ranges from 5 to 17%,4 but 

can be up to 40% in select high-risk populations.8 Surprisingly, the right ventricle has been rather 

neglected36,37 despite a number of studies underlining its prognostic value in on-pump surgeries for 

coronary artery disease,38,39 valvular surgery,38,40,41 reconstructive surgery,42-45 and in the peri- and 

postoperative period.39,46-48 This may be due, first, to right ventricular problems being much more common 

in surgical patients (e.g. ventilated, valvular) than in non-surgical patients seen by cardiologists,49-51 who 

continue to dominate the echocardiography domain, and second, to difficulties in imaging the right 

ventricle on account of its size and location.5,24,25,37,46,47 Consequently, right ventricular function is generally 

ascertained intraoperatively by qualitative assessment (“eye-balling”).36,37,52 While qualitative assessment 

of right ventricular (RV) function may be made in the hands of experienced echocardiographers,43,44 it 

remains arbitrary.5 Furthermore, the addition of quantitative measurements improves discrimination44,45 

but requires an experienced echocardiographer.32  

Some non-invasive, echo-based quantitative tools for assessing RV function have emerged such as 

tricuspid annular plane systolic excursion (TAPSE)32,53,54 and TDI.55,56 On account of  the largely longitudinal 

orientation of right ventricular fibers57 and resultant longitudinal contraction,58 TAPSE and TDI-based 

systolic annular velocity (S’) are good pre-pericardectomy surrogates for global right ventricular 

function31,32,59-64 and are also predictive of clinical outcomes.32,61,62,65  

However, both M-mode (for measuring TAPSE) and TDI (for measuring annular velocities) are highly angle-

dependent technologies and may significantly underestimate longitudinal function in TEE. As elaborated 

upon in Chapter 2, angle-dependent measurements will be underestimated when there is misalignment 

of the transducer relative to the plane of motion (Figure 2 - 4). While in TTE the transducer’s position may 

be optimized to achieve collinearity, in TEE, correction of the inherent misalignment of transducer is 

limited by the patient’s anatomy (Figure 2 - 1). For example, TAPSE per se measures the distance the 

tricuspid annulus travels towards the apex of the heart during systole. However, in measuring TAPSE by 

M-mode, we are measuring the distance the tricuspid annulus travels relative to the transducer, not 
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relative to the apex. In TTE, the transducer is positioned at the apex of the heart (i.e. correctly aligned), 

making this distinction a moot point (Figure 2 - 3). In TEE, however, there is inherent misalignment, as it is 

generally not possible to place the transducer in line with the annulus and the apex. The same principle 

holds true for Doppler-derived velocities and misalignment of the Doppler beam (Figure 2 - 5 and Figure 2 

- 6).   

Alternatively, novel speckle-tracking-based measurements of longitudinal function seem promising in 

general66,67 and for TEE in particular, as inherent misalignment of the Doppler beam is not an issue for a 

rather angle-independent technology.31,68,69 By analogy, speckle-tracking-based technology is similar to 

observing movement from a bird’s eye perspective (i.e. as on a map), rather than in relation to an 

observer’s position (as in M-mode and TDI). 

Regardless of the modality used, accurate and precise assessment of right ventricular performance may 

be of great importance, particularly in the dynamic perioperative period.4,5,24–26. 

 

Hypothesis 1:  Conventional angle-dependent measurements of TAPSE by M-mode and S’ by tissue 

Doppler would be underestimated in the midesophageal 4-chamber TEE view vs the apical 4-chamber TTE 

view.  

The publication addressing this hypothesis can be found in Chapter 3 (click here) or in pubmed (click here).  

NB: True to our aims of first identifying possible underestimation and then seeking out clinical solutions, 

Chapter 3 also explores 1) the use of alternative transgastric TEE views with superior beam alignment for 

conventional measurements, and 2) the use of speckle-tracking, a less angle-dependent technology, for 

achieving similar measurements in TEE and TTE. 

 

Hypothesis 2: A novel method of measuring annular velocities obtained by differentiating speckle-

tracking-based displacement with respect to time would be accurate, precise, and reliable in TEE.  

The publication addressing this hypothesis and the derivation of the method can be found in Chapter 4 

(click here) or in pubmed (click here). 

 

 

https://pubmed.ncbi.nlm.nih.gov/32423734/
https://pubmed.ncbi.nlm.nih.gov/31345717/
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Clinical Setting 2: Assessing Left Ventricular Diastolic Function by Conventional and 

Novel Measurements in TEE 

Diastolic heart failure accounts for nearly 50% of heart failure70,71 and is associated with increased 

mortality in both non-cardiac72,73 and cardiac surgery.74 Despite its clinical and perioperative relevance,74 

current TEE guidelines and reviews do not provide sufficient guidance or recommendations on this 

topic.29,30,75 Similarly, current TTE guidelines for assessing diastolic function state as a first caveat that their 

recommendations may not be applicable to the perioperative setting.33 As shown in Figure 1 - 1, current 

TTE algorithms suggest evaluating four factors in diagnosing the degree of diastolic (dys)function: 1) left 

atrial volume index (LAVI), 2) tricuspid regurgitant jet velocity (TR velocity), 3) the early diastolic annular 

velocity (E’), and 4) the ratio of early diastolic transmitral inflow velocity to early diastolic annular velocity 

(E/E’).  

 

Figure 1 - 1: Grading Algorithm of Diastolic Function for Patients with Preserved EF. 

Patients with reduced EF are graded first according to their mitral inflow velocities (E/A) and then according to E/E’, 
TR velocity and the LAVI.  

Source: Nagueh et. al.33 

Unfortunately for perioperative physicians, it is difficult to accurately measure left atrial volume in TEE, 

and alignment with a potentially existing tricuspid regurgitant jet may pose another challenge in TEE.  

Consequently, tissue Doppler-based mitral annular velocities play a central role in TEE approaches 

assessing diastolic function.74,76,77 These are generally measured with TDI, but speckle-tracking 

measurements may be an option as well. As nearly 90% of cardiac anesthesiologists find diastolic 

assessment to be important in management strategies,78 it would be important to examine the reliability 

of TDI measurements in TEE and to explore alternatives. Speckle-tracking may also be an attractive 
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alternative, because it can be performed at a later point in time, enabling the cardiac anesthesiologist to 

perform a faster examination while simultaneously managing anesthesia.    

 

Hypothesis 3: The mean averaged E’ of the septal and lateral mitral annulus measured by TDI (E’TDI) would 

be different (i.e. underestimated) in the ME 4Ch compared AP 4Ch under constant loading conditions.  

The publication addressing this hypothesis can be found in Chapter 5 (click here); not yet on pubmed.  

NB: Chapter 5 also explores 1) whether another TEE view – namely the deep transgastric (DTG) TEE view 

– would provide measurements more similar to those measured in the AP 4Ch through presumed superior 

beam alignment, and 2) compared speckle-tracking-based early diastolic strain rates in the AP 4Ch and ME 

4Ch views.  

 

Clinical Setting 3: Assessing Speckle-Tracking-Based Quantification of Left 

Ventricular Function in Point-of-Care TTE 

In other high stress, time-sensitive contexts, speckle-tracking may also be important for rapidly quantifying 

diastolic and systolic function. TTE for limited or focused cardiac assessment by ultrasound (FoCUS) is 

increasingly being used on the intensive care unit, in the emergency room, in the anesthesia work up, and 

even in the operating room.79-81 Common to these settings – as in the cardiac operating room – is the 

clinician’s need to quickly gain information and manage patient care, while also completing other 

important tasks, such as instrumentation, monitoring, organizing, etc. FoCUS reliably enables clinicians to 

find previously undiagnosed pathologies,82,83 incrementally adds relevant clinical information,81,82,84-86 and 

improves bedside physical examination.87-90 Particularly for the rapid assessment of left ventricular 

function – a core competency in echocardiography – FoCUS enables non-TTE trained professional to 

reliably assess and manage LV function.91-97 Furthermore, this qualitative assessment has been shown to 

correlate with comprehensive TTE exam results for LV systolic function.81,85,88,98-104   

While FoCUS is often employed for answering simple yes/no questions, it would be important to 

quantitatively aid non-TTE trained individuals in decision making. However, a stressful, time-sensitive 

clinical setting, a possible lack of expertise of the clinician, and simplified hardware without M-mode or 

Doppler in many hand-held devices,105 pose a great challenge in FoCUS. Speckle-tracking may offer a 

substantial benefit in this setting by allowing for rapid, post-processing quantification of mitral annular 

displacement and velocities based on a largely angle-independent 2D image loop routinely acquired for 
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qualitative assessment. In other words, reliable quantification may be performed post hoc without 

requiring any additional images or measurements at the time of echocardiography. 

 

Hypothesis 4: The novel speckle-tracking-based displacement and velocities established in Chapter 4 and 

applied to point-of-care ultrasound TTE would correlate with gold-standard measurements by M-mode 

and tissue Doppler.  

The publication addressing this hypothesis can be found in Chapter 6 (click here) or in pubmed (click here). 

 

  

https://pubmed.ncbi.nlm.nih.gov/32426900/
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CHAPTER 2: The Research Context and Ultrasound Methods 

This section is designed to convey the necessary contextual and methodological information required for 

understanding the research questions and results. I first explain the most common views used in this thesis 

and then both the conventional and novel technologies used for quantification. 

Common TTE and TEE Views 

Extensive literature exists describing standardized exams, views, and measurements for TTE and – to a 

lesser extent – for TEE.1 Arguably the two most common views giving the echocardiographer an overview 

of most parts of the heart are the apical 4-chamber view (AP4C) in TTE and the midesophageal 4-chamber 

view (ME4C) in TEE, as shown in Figure 2 - 1. 
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Figure 2 - 1: Main TTE and TEE Views Used in this Study. 

In the top panel, the apical 4-chamber TTE view is shown. The second panel shows the midesophageal 4-chamber 
view.  The last two panels show alternative views examined in this study, the deep transgastric and transgastric inflow 
views, respectively. Blue arrows show the motion of the mitral and tricuspid annulus. Dashed lines show the alignment 
of this motion relative to the transducer.  

Source: https://pie.med.utoronto.ca/TTE/ and https://pie.med.utoronto.ca/TEE/. 
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Both views give the echocardiographer a first impression of all four chambers of the heart with the TTE 

image examining the heart from the apex and the TEE image examining the heart from behind the left 

atrium. However, motion of both the mitral and tricuspid annular plane is towards the transducer in the 

AP4C; in the ME4C there is some misalignment, particularly for the tricuspid annular plane. Also shown in 

Figure 2 - 1 are the deep transgastric view and the transgastric inflow view (both TEE), which we examined 

as alterative views in these studies. These 2D imaging loops may be combined with other imaging 

modalities (listed below) for quantification. 

Conventional Ultrasound Technologies 

A number of different technologies are available on echocardiography machines.  

2D imaging is the most intuitive modality as the result is an image reflecting the anatomy (as in Figure 2 - 

1). Given the known speed of ultrasound in a certain medium, the time required for an echo reflection to 

return to the transducer allows the ultrasound machine to calculate the depth the reflecting surface. As 

greater differences of acoustic impedance surfaces orthogonal to the direction of the ultrasound beam 

best reflect ultrasound heard by the transducer, structures perpendicular to the ultrasound beam are 

imaged most clearly in 2D echo. 

Electronic sweeping of the ultrasound beam in a plane with multiple series of ultrasound generation and 

receiving (or “listening”) phases by the piezoelectric crystals allows for the creation of a 2D image.  As an 

analogy, this is very similar to the technology used in the search for underwater objects or ocean mapping 

by sonar (sonar is actually an acronym for “sound navigation and ranging”). As a result, a wider sweep 

(image width), longer waiting for echoes to return (image depth), higher resolution (beam width), and the 

number of images per second (frame rate) represent a trade-off of “spatiotemporal resolution”. In 

echocardiography, this can be a difficult trade-off. Figure 2 - 2 illustrates the spatiotemporal trade-off in 

echocardiography. Panel A shows an AP4C focusing on the left ventricle. Panel B and C show the effect of 

decreasing and increasing image width. From a baseline frame rate of 65 Hz (A), there is an increase to 75 

Hz and decrease to 50 Hz in B and C, respectively. Similarly increasing image depth decreases frame rate 

(Panel D, 52 Hz). Panels E and F show a higher and a lower beam width optimizing spatial resolution (Panel 

E, 42Hz) of temporal resolution (Panel F, 122 Hz), respectively. Similarly overlaying color flow Doppler 

decreases frame rate substantially (Panel G, 20 Hz). Smaller areas of color flow Doppler decrease frame 

rate to a lesser extent than larger areas (Panel H, 24 Hz; Panel I, 17 Hz).  
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Figure 2 - 2: Illustration of Spatiotemporal Resolution in Echocardiography. 

Source: own depiction. 

M-Mode 

Theoretical Considerations 

M-mode (motion mode) can be understood as a very simple 2D image in which the sector width is 

narrowed to a single beam. In other words, this single “beam of sight” is only limited by the time required 

for ultrasound to travel through a medium; spatial resolution is minimized to optimize temporal resolution 

(hence “motion” mode). To illustrate, a structure at a depth of even 20 cm only requires about a quarter 

of a millisecond at a propagation speed of 1540 m/s. This theoretically allows for nearly 4000 “images” per 

second!2 The result is displayed as a plot of distance (on the y-axis) and time (on the x-axis), as in Figure 2 

- 3. The motion of very rapidly moving structures such as valves can be shown over time.   
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Figure 2 - 3: 2D Image of the Right Ventricle for TAPSE Measurements (left) as well as the M-Mode Image (right). 

The M-mode image shows displacement along the single beam from the transducer to the tricuspid annulus (y-axis) 
over time (x-axis).  

Source: Rudski et al.3 

 

Nonetheless, the term “motion” may be misleading, because rather than “motion” only the position 

relative to the transducer over time (i.e. displacement) is measured. Unlike 2D imaging, moving structures 

should move parallel to the transducer. For example, a real displacement of 20 mm may be seen as a 20 

mm displacement if movement is parallel to the transducer (Figure 2 - 4, Panel A), but as nearly immobile 

if movement is perpendicular (Figure 2 - 4, Panel B). 
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Figure 2 - 4: Angle Dependence of M-Mode Illustrated by Displacement Along and Orthogonal to the Transducer. 

Panel A shows a 20 mm movement along the ultrasound beams (parallel) resulting in a 20 mm difference relative to 
the transducer from the start to the end of movement (vertical dotted lines in Panel A). Panel B also shows a 20 mm 
movement, but perpendicular to the ultrasound beam. M-mode registers displacement in Panel A to be the full 20 
mm, while Panel B shows nearly no displacement relative to the transducer.  

Source: own depiction. 

Clinical Application 

The most common clinical application of M-mode is tricuspid annular plane systolic excursion (TAPSE, 

a.k.a. tricuspid annular motion [TAM]). TAPSE is a measure of longitudinal displacement of the lateral 

tricuspid annulus to the apex during systole. Although a regional measure, it correlates with global right 

ventricular systolic function3-10 and clinical outcome.3,7 It is easily measured by M-mode, yielding excellent 

temporal resolution, but making it highly susceptible to misalignment. While the clinician may move the 

TTE probe to optimize alignment, the position of the TEE probe is largely limited by the patient’s anatomy, 

leading to significant and systematic underestimation. Possible solutions for overcoming the issue of 

misalignment are to 1) use M-mode in alternative views with superior alignment or 2) to use an alternative 

technology.  

Regarding the alternative TEE views with superior alignment, a number of such views exist for visualizing 

the right ventricle.1,11 In particular, the transgastric right ventricular inflow view (TGRVi) and a modified 

deep transgastric focusing on the right ventricle (dTG) seem promising.  
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Doppler and Tissue Doppler Imaging (TDI) 

Theoretical Considerations 

Doppler and tissue Doppler yield velocity measurements based on the Doppler equation. The Austrian 

Physicist Albert Doppler showed that the acoustic pitch of a sound wave changes if the source of the sound 

moves relative to the perceiver of the sound.  

∆f = v * cos θ *2ft / c    (equation 1) 

where ∆f is the difference between the transmitted frequency (ft) and the received frequency, v is the 

velocity of blood (or tissue), c is the speed of sound in blood (1540 m/s), and θ is the angle of incidence 

between the blood flow and ultrasound beam.  

Conceptually, the echo machine registers a received frequency, and as the transmitted frequency and the 

speed of sound in blood are known variables, the blood or tissue velocity can be calculated for the portion 

of the blood velocity vector that is parallel to the ultrasound beam. Figure 2 - 5 illustrates this change in 

pitch for a stationary ambulance (left) and a moving ambulance (right). A bystander on the sidewalk hears 

a higher pitch of the siren when the ambulance is moving towards the bystander, but a lower pitch once 

it has passed; the medics in the vehicle hear the same (mid-level) pitch.  
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Figure 2 - 5: Pitch Change by Motion of the Source of Sound Waves. 

In the left panel an immobile source is shown with constant received frequencies. In the right panel, the same 
transmitted frequency as in A is shown. However, movement of the source yields a higher received frequency when in 
front of the source and a lower frequency behind the source.  

Source: own depiction. Image courtesy of Basel Paramedics. 

Considering equation 1, two things are evident: 1) higher velocities yield higher changes in pitch and, as 

with M-mode, the more parallel the motion to the transducer, the greater the perceived pitch. Indeed, 

the angle of incidence plays a central role in the Doppler equation and Doppler-based measurements and 

is illustrated in Figure 2 - 6. For example, in the case of θ = 0 (cos 0° = 1, i.e. perfectly parallel), the entire 

true velocity is reflected in the Doppler shift; in the case of θ = 45° only 70% of the true velocity is reflected 

in the Doppler shift and the calculated velocity is significantly underestimated (cos 45° = 0.71). 

Misangulation of up to 20° is considered to be acceptable; misangulation of 90° (i.e. perpendicular) has a 

velocity of zero, i.e. no flow. (cos 90°=0). Again, as an analogy the shift in siren pitch is greater if the 

bystander is standing next to the passing siren than if the ambulance is watched driving by from across a 

large field. 
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Figure 2 - 6: Cosine Relationship in the Doppler Effect. 

Misalignment of 20° is generally considered to be acceptable on account of only minor underestimation of velocities 
(dashed line); underestimation increases significantly thereafter.  

Source: own depiction. 

The same principle can be illustrated in color flow Doppler in Figure 2 - 7, in which blue color is defined as 

flow away from the transducer and red towards the transducer (mnemonic BART: blue away, red towards). 

Near 90° color is black, erroneously suggesting no velocity as cos 90°=0.   
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Figure 2 - 7: Illustration of the Doppler Effect by Color Flow Doppler. 

Shown is a brachial vein (top) and brachial artery (bottom) illustrating flow towards the heart (top; flow to the right) 
and into the periphery (bottom; flow to the left).  

Source: own depiction. 

Clinical Application 

Clinically, Doppler and tissue Doppler are used to quantify the flow of blood and velocity of the 

myocardium (e.g. the transmitral blood flow and mitral annular velocity). As such, they are of fundamental 

importance in assessing (left ventricular) diastolic function. Similarly, Doppler and tissue Doppler are used 

for assessing right ventricular function. As illustrated in Figure 1 - 1, current guidelines on assessing 

diastolic function in patients with a preserved ejection fraction recommend grading based on four 

measurements:12 1) the relationship of early transmitral blood flow to early mitral annular velocity (E/E’), 

2) the septal or lateral early mitral annular velocity (E’), 3) the peak velocity of the tricuspid regurgitant 

jet, and 4) the left atrial volume index (LAVI). In patients with a reduced ejection fraction, it is 

recommended to first measure transmitral flow (E/A) and then E/E’, tricuspid regurgitant jet velocity, and 

the left atrial volume index.  
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Figure 2 - 8: Sample Measurement of TDI of the Lateral Mitral Annulus. 

Source: own depiction.  

With the exception of LAVI, which cannot reliably be measured in TEE, all other measurements are based 

on Doppler. Although TTE guidelines on diastolic function explicitly state that they may not be applicable 

to the perioperative period,12 perioperative algorithms from reviews and seminal papers have repeatedly 

underscored the central position of E/E’.13-15  While grading of diastolic function did not highly correlate 

with the TTE algorithm, grading based on E/E’ did correlate with morbidity and mortality.15 Clearly, 

confirming or refuting similar measurements by TEE to gold standard TTE measurements would be 

important. 

 

For right ventricular systolic function, tricuspid annular systolic velocity measures the speed of 

displacement of the tricuspid annulus towards the apex of the heart and has many similarities to TAPSE. 

The rationale for longitudinal regional measurements as a surrogate for global function are the same, and 

S’ has been shown to correlate with measures of global RV function3-10and with outcomes.3,7 Potential 

advantages over TAPSE include a lesser degree of dependence on loading conditions3,16 – although by no 

means truly load independent16 – as well as the possibility of assessing diastolic velocities. Nonetheless, S’ 

has not been studied extensively in TEE, potentially on account of its extreme angle-dependence and the 

high degree of ultrasound beam misalignment in TEE. 13-15 Again similar to TAPSE, potential means of 

overcoming the problem of misalignment are alternative TEE views and alternative technologies.  
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Novel Ultrasound Technologies: Speckle-Tracking 

General Considerations  

Speckle-tracking is a relatively new method of quantifying motion based on 2D images. In any grayscale 

2D image loop, a number of natural acoustic markers or “speckles” exist. These natural acoustic markers, 

which appear as a pattern of areas of higher and lower echogenicity (e.g. light and dark speckles), can be 

followed from frame to frame, leading to a pattern of motion. Figure 2 - 9 shows an example: Shown are 

apical chamber views zooming in on the septal wall (top, left to right). The speckles identified in the bottom 

left are tracked in kernels from frame to frame.17 

 

Figure 2 - 9: Speckle-Tracking Images: Zooming in and Tracking from Frame to Frame. 

Source: Pavlopoulos et al.17 

In theory, this makes speckle-tracking relatively angle independent. Additionally, and unlike Doppler, 

speckle-tracking may be made by post-processing (i.e. after 2D image acquisition by software-based 

algorithms). This may be done on the echo machine immediately following image acquisition or anytime 

later on a workstation. Practical applications of speckle-tracking include 1) tracking deformation of the 

myocardium along the endocardial border to measure strain and strain rate and 2) tracking an area of 

interest over the cardiac cycle.  
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Strain and Strain Rate (Deformation Imaging) 

Deformation imaging refers to changes in myocardial shape over time and can be quite complex. 

Deformations may occur in three dimensions (longitudinal, circumferential, or radial strain), may be 

relative to the original length (Lagrangian strain) or the length at the immediately previous time (natural 

or Eulerian strain). Furthermore, one may report strain at the end of systole or as a peak value (end systolic 

strain or peak strain, respectively). Generally, peak longitudinal Lagrangian strain is reported as a marker 

of contractility. As evident from the equation for Lagrangian strain below, strain is the deformation (L) 

relative to the original length (L0) and is a negative value; strain rate is strain differentiated with respect to 

time: (e.g. dStrain/dt) 

Strain: (L-L0)/L0     (equation 2) 

 

Figure 2 - 10: Longitudinal Strain as Peak and Per Frame. 

Shown are end-diastolic to peak lengths (left). Measuring the length of an area of interest (e.g. right ventricular free 
wall) over each frame comprising a cardiac cycle (right). Note the similarity to TAPSE, for example measured by M-
mode. 

Source: own depiction. 

To illustrate with the example concerning the right ventricle, one may think of right ventricular free wall 

strain as a relative TAPSE with two main changes: 1) the area of interest for strain need not be linear, and 

2) strain can be examined by segments allowing for a distinction between actively contracting myocardial 

segments from myocardial segments pulled by other segments (tethering).  

Right ventricular strain in TTE has been shown to correlate with right ventricular ejection fraction (RVEF) 

measured by cardiac magnetic resonance imaging (cMRI)18,19 and with outcomes.20-23 Current guidelines 
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explicitly for RV strain exist20  but entirely fail to mention TEE. Furthermore, studies examining RV strain in 

TEE and outcomes have shown mixed results at best.24-27 

While strain was originally assessed by color Doppler tissue imaging, the need for high frame rates, strong 

angle dependence, and non-differentiation between the 3 dimensions has severely limited its use, 

particularly in TEE.3 Speckle-tracking-based myocardial deformation, in contrast, is a largely angle-

independent technology20,28,29 and a popular and emerging technology for strain and strain rate 

measurements. Shown in Figure 2 - 11 are strain and strain rate measurements of the right ventricle using 

Philips QLAB 10.4. 
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Figure 2 - 11: Strain (top) and Strain Rate (bottom) Measurements of the Right Ventricular Free Wall. 

Source: own depiction. 

Nonetheless, major limitations of speckle-tracking-based strain and strain rate include frame rate, the 

number of available speckles in the (non-hypertrophied) right ventricle, different software with unknown 

algorithms generally developed for the left ventricle in TTE, and the composition of the acquired 2D image. 

Although some studies have shown good agreement between strain measured in TTE and TEE, a number 

of reasons merit a cautious approach, particularly for the right ventricle. These include the way in which 

the 2D image is generated, unknown tracking algorithms, and a limited number of speckles in the thin-

walled right ventricle.  
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Tissue Motion Annular Displacement (TMAD) 

A simpler speckle-tracking approach may be preferable.  Philips software offers tissue motion annular 

displacement (TMAD), which is a speckle-tracking-based measure of displacement. Using the same 

speckle-tracking-based principles, any 2D image may be analyzed by placing an area of interest at the 

lateral and septal annulus (blue and orange squares in Figure 2 - 12). The software suggests setting the 

third point (the reference point) at the apex of the heart. The distance between blue and orange squares 

relative to the reference point is determined and plotted. This curve also resembles a TAPSE curve by M-

mode. Panel B shows one modification of TMAD. As the software originates from TTE, the apex makes 

sense as a non-moving reference point in the near field of a TTE image. In TEE, however, the apex is in the 

far field in which there is substantial “noise”. As the apex in the far field of a TEE image is a rather mobile 

point (e.g. lateral resolution, shadowing, etc.), this may be a suboptimal reference point. The result would 

be that the true movement of the annulus may be obscured by noise from a mobile apical reference point 

in TEE. Moving the reference point to a “fix” or immobile mirror image point of the apex yields a smoother 

curve reflecting only the movement of the annulus (relative to the fixed reference point). This is illustrated 

in Figure 2 - 12, in which the top panel shows “jagged” blue and orange curves as a result of apical 

movement (in the loop, the orange point at the apex “jitters” back and forth); the bottom panel shows 

smooth blue and orange curves based on movement of the annulus relative to the ”fix” or immobile orange 

point at the top of the image. While this effect has a smaller effect on displacement, its effect on velocities 

is much more substantial.  
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Figure 2 - 12: TMAD Using the Apex and a Fixed Point as the Reference. 

Note the smoother curve using a fixed reference point.  

Source: own depiction. 

Annular Velocities 

With speckle-tracking echocardiography, a software-based technology has emerged that quantifies 

myocardial deformation through post-processing on the basis of 2D image loops.30 It is largely angle 
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independent, can be measured in post processing and seems promising for measurements of longitudinal 

annular motion of the left31-40 or even right ventricle.31-42 Indeed, strain and strain rate are increasingly 

being used to interrogate systolic and diastolic function43,44 and have been heralded as promising in 

assessing diastolic function.12,45 Speckle-tracking also seems promising for the longitudinal right ventricular 

function, which is difficult to align in TEE.   

However, a number of uncertainties and difficulties remain, which may warrant a simpler speckle-tracking-

based approach. For example, strain and strain rate may be difficult for thin walled right ventricles in TEE, 

software that has been optimized for the left ventricle in TTE. In addition, clear visualization of the 

endocardial border and image quality appear to be a main factor limiting its utility.46,47 

Unlike global strain or strain rate, displacement of the mitral annulus by speckle-tracking is rapid32,37 and 

does not require superb images.32,34 During the course of this thesis, TAPSE by speckle-tracking (i.e. TMAD) 

emerged as a validated method of measuring displacement in TEE.41,48 Specifically, two prior studies have 

shown that speckle-tracking-based TAPSE (TAPSESTE) measured in the midesophageal 4-chamber view 

(ME4C) reliably correlated and agreed with M-mode-based TAPSE (TAPSEM-MODE) measured in the apical 4-

chamber view (AP4C). As velocity measurement have a number of benefits over displacement, we 

wondered whether or not differentiating the displacement-time relationship generated by TMAD (i.e. 

TAPSESTE) would yield clinically useful measures of tricuspid annular velocities. Although by no means truly 

load independent,16 annular velocities (S’ and E’) may be less influenced by loading conditions.3,12  This may 

be very important in the dynamic perioperative period (i.e. the influence of positive pressure ventilation, 

anesthesia, blood loss, extra corporeal circulation, etc.).49,50 Additionally, diastolic annular velocities also 

yield important information and are used in the classification of diastolic function.12  

For this purpose, we exported the displacement time curve and plotted the first derivative as shown in 

Figure 2 - 13. The top portion of panel A shows a TMAD measurement as performed using commercially 

available software. We performed two modifications. First, the bottom portion of panel A shows the 

original TMAD curve as imported into R as well as the peak velocities from the first derivative with respect 

to time (i.e. S, E’, A’ to adopt the TDI-based annular velocity nomenclature). The second modification was 

to move the reference point to a fixed mirror image reference point to eliminate random noise originating 

from the far field (panel B). Note the smoother displacement curve resulting from random noise 

elimination. Again, importing this curve into the software R (The R Foundation for Statistical Computing, 

Vienna, Austria) and running the same code led to improved velocity curves. A detailed explanation of the 

method can be found in Chapter 4.  
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Figure 2 - 13: Derivation of Speckle-Tracking-Based Annular Velocities in a Two-Step Approach. 

Top panels illustrate the measurement of tricuspid annular plane displacement using commercial software; bottom 
panels show measurement of velocities and peak velocity determination using a custom-made code in R. The left side 
(A) shows the vendor-endorsed method using the apex as a point of reference, while (B) shows our modified method. 
Note the decrease in noise in displacement and velocities in B.  

Source: own depiction. 
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CHAPTER 3: Assessing the Right Ventricle: Systolic Function in TEE vs TTE 
 

 

Right ventricular systolic assessment by transesophageal versus 

transthoracic echocardiography: displacement, velocity, and 

myocardial deformation 

Eckhard Mauermann, MD, MSc; Michael Vandenheuvel, MD; Katrien François, MD, PhD;  

Stefan Bouchez, MD; Patrick Wouters, MD, PhD 

J Cardiothorac Vasc Anesth. 2020 Aug; 34(8):2152-2161 

 

Abstract 

Objective: First, to compare tricuspid annular displacement and velocity in transthoracic and 

transesophageal echocardiography (TTE, TEE) using conventional angle-dependent technologies. Second, 

to evaluate both alternative TEE views as well as an alternative technology (speckle-tracking) for 

overcoming proposed differences in TTE and TEE. 

Design: Prospective, comparative, cross-over study with a randomized order of image acquisition. 

Setting: University hospital. 

Participants: Adults undergoing cardiac surgery. 

Interventions: Postinduction standardized image acquisition and analysis in TTE and TEE by two 

echocardiographers. 

Measurements and Main Results: We measured tricuspid annular plane systolic excursion by M-mode 

(TAPSE) and velocity by tissue Doppler (S’) in the apical 4-chamber TTE view and midesophageal 4-chamber 

TEE view (AP4C, ME4C). We then examined A) the same measurements in alternative TEE views with 

proposed better ultrasound angulation and B) speckle-tracking-based endpoints (TAPSE by speckle-

tracking, strain, and strain rate).   

Data were available in 24/25 patients. Conventional TAPSE by M-mode and velocity by TDI were 

underestimated in the ME4C compared to the AP4C reference (mean±SD: TAPSE: 13.1±3.8 mm vs 17.3±4.0 

mm; S’: 6.7±2.1 cm/s vs 9.1±2.2 cm/s; both P<0.001). Neither a modified deep transgastric view (TAPSE 
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14.5±4.7 mm, P=0.017; S’ 6.8±1.8 cm/s, P<0.001) nor a transgastric right ventricular inflow view (TAPSE 

12.3 mm±4.0 cm/s, P=0.001; S’ 6.0±1.3 cm/s, P<0.001) were similar to the AP4C. Speckle-tracking TAPSE 

was unbiased, but with high variability (mean bias=-0.3 mm, 95% LoA=-9.1 to 8.4); strain and strain rate 

were higher in TEE than TTE (-17.7±3.6 vs -12.6±2.1, P<0.001; -1.0±0.2 /s vs -0.7±0.1 /s, P<0.001). 

Conclusions: Right ventricular displacement, velocity, and myocardial deformation measured by TEE vs 

TTE are different. Neither alternative transesophageal echocardiography views nor speckle-tracking-based 

deformation are promising; TAPSE by speckle-tracking is unbiased, but imprecise. 

Keywords: TAPSE, tricuspid annular velocity, tissue Doppler, speckle-tracking, deformation 
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Introduction 

Right ventricular systolic performance has been shown to be a predictor of mortality in a number of 

perioperative settings.1,2 However, it remains difficult to accurately quantify by transesophageal 

echocardiography.3,4 Particularly in the dynamic perioperative setting, accurate and precise assessment of 

right ventricular performance may be of great importance. 4-6 

On account of the largely longitudinal orientation of right ventricular fibers7 and resultant longitudinal 

contraction,8 longitudinal contractility correlates with global right ventricular function.4,9,10 This is routinely 

measured in TTE by tricuspid annular displacement and velocities, 4,11 as well as – increasingly – by 

measures of myocardial deformation (i.e. strain and strain rate).12,13 Although strictly regional 

measurements assessed in a 2D plane, tricuspid annular plane systolic excursion (TAPSE),14-16 and tricuspid 

annular systolic velocities (S’)4,6 have been repeatedly shown to be good surrogates of global right 

ventricular function and are recommended in guidelines.4,10 However, as TAPSE and S’ are generally 

measured by angle-dependent technologies (namely M-mode and by tissue Doppler),10,14 and an inability 

to optimally align the transducer to the patient’s anatomy severely limit their use in TEE. In contrast, 

speckle-tracking-based measures are considered to be a largely angle-independent technology10,17,18 and 

may be promising for right ventricular assessment by TEE. 

Currently, however, TEE guidelines either state that there is inadequate data to make specific 

recommendations for values of right ventricular longitudinal function in TEE3 or suggest adopting values 

obtained from TTE.10 While the former is cautious, but does not offer practical guidance for TEE, the latter 

is practical, but assumes measurements by TEE and TTE are interchangeable or at least sufficiently similar. 

In this study, we performed a head-to-head comparison of transesophageal and transthoracic 

measurements of right ventricular displacement, velocity, and myocardial deformation. Specifically, in the 

first confirmatory part of the study, we hypothesized that conventional angle-dependent measurements 

of TAPSE by M-mode and S’ by tissue Doppler would be underestimated in the midesophageal 4-chamber 

TEE view vs the apical 4-chamber TTE view. In the second explorative part of the study, we examined two 

possible solutions for overcoming underestimation in TEE based on angulation of the ultrasound beam: 1) 

the use alternative transgastric TEE views with superior beam alignment for conventional measurements, 

and 2) the use of speckle-tracking, a less angle-dependent technology, for achieving similar measurements 

in TEE and TTE. 
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Materials and Methods 

Study Design, Participants, End Points, and Sample Size 

This study was approved by the institutional review board of Ghent University Hospital (2016/1550, 

January 10, 2017), and written informed consent was obtained from all participating subjects. The study 

was registered prior to patient enrolment at clinicaltrials.gov (NCT03088943, Principal investigator: 

Wouters/Mauermann, Date of registration: February 14, 2017). 

Inclusion criteria were consecutive adult patients undergoing on-pump coronary artery bypass grafting or 

aortic valve replacement procedures from February 2017 to July 2017 at a university hospital. Patients 

with irregular heart rhythms, severe annular calcification, or tricuspid/mitral valve surgeries were not 

eligible. 

This study examines one of two predefined questions, and the sample size estimation was based on an 

examination of left ventricular diastolic function (the other question in this project). From the perspective 

of a power calculation for this paper, 25 patients is a convenience sample. However, for an ex post 

assessment, using TAPSE values of 18-24 mm ± 4 mm and S’ values of 8-14 cm/s ± 2.5, a paired t-test to 

detect a 30% difference (as done in the original power analysis) with an power of 0.8 and alpha of 0.01, an 

n of 11 and 17 would be required, indicating sufficient power/sample size in this secondary analysis. 

Missing measurements were excluded from the study, but reported in number. 

This prospective, comparative study is based on an extensive data set of standardized TEE and TTE images 

acquired after induction of anesthesia with 2 mg/kg propofol, 2-3 µg/kg fentanyl, 0.5 mg/kg rocuronium, 

and sevoflurane maintenance. Despite performing echocardiography measurements during a ten-minute 

period of hemodynamic stability, the order of TEE and TTE image acquisition was randomized to ensure 

identical loading conditions (Figure 3 - 1). 
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Figure 3 - 1: Flow Chart of Patient Inclusion and Available Data. 

The apical 4-chamber TTE view taken as the reference standard (hence bold). AP4C = apical 4-chamber (TTE) view; 
dTG = deep transgastric (TEE) view; ME4C = midesophageal 4-chamber (TEE) view; TGRVi = transgastric right 
ventricular inflow (TEE) view. 

Source: own depiction. 

 

An otherwise uninvolved study nurse randomized the order of image acquisition by means of a sealed 

envelope, which was first opened in the operating room upon patient arrival. TTE values in the apical 4-

schamber view were used as the reference for right ventricular measurements. This manuscript adheres 

to the standards for reporting diagnostic accuracy studies.19 

The endpoints of this study were TAPSE and S’ as well as speckle-tracking-based measurements (TAPSE by 

speckle-tracking and right ventricular free wall strain and strain rate). 
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Echocardiography Measurements  

Measurements were made during a period of hemodynamic stability in a supine position, with an end-

expiratory respiratory pause, and prior to any preparatory surgical steps (disinfection, instrumentation, 

etc.). All echocardiography measurements were acquired using a Philips iE33 ultrasound machine and S5-

1 (TTE) and X7-2t (TEE) transducer (Philips, Amsterdam, Netherlands). 

Figure 3 - 2 illustrates measurements in TTE and TEE views with the orange ellipses indicating the area of 

interest.  

 

Figure 3 - 2: Illustration of Views and Endpoints for Confirmatory and Explorative Analyses. 

Supplemental videos 3 – 1 and 3 - 2 illustrate how speckle-tracking-based measurements were made.  

Source: own depiction. 

TAPSE by M-mode and S’ by TDI were measured in the apical 4-chamber TTE view and the midesophageal 

4-chamber TEE view as well as in the alternative TEE views: a modified deep transgastric TEE view focusing 

on the right ventricular free wall and a transgastric right ventricular inflow TEE view. For TAPSE 
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measurements by M-mode and S’ measurements by tissue Doppler, the mean value of three consecutive 

beats was taken, with images acquired as recommended by guidelines.3,4 

Speckle-tracking-based measurements were made in the apical 4-chamber TTE view and the 

midesophageal 4-chamber TEE views. Speckle-tracking-based TAPSE measurements were made using a 

dedicated software (Tissue Motion Annular Displacement; QLAB 10.5; Philips Healthcare, Andover, MA, 

USA) as described in detail previously, 20,21 and may be viewed in Supplemental Video 3 - 1. In brief, the 

user places three squares in a selected frame (lateral tricuspid annulus, medial tricuspid annulus, and right 

ventricular apex). Next, the software tracks these squares over the cardiac cycle leading to two 

displacement-time curves for both the lateral (Figure 3 - 2, blue line) and medial annulus relative to the 

right ventricular apex.  

We defined TAPSE as the maximal displacement of the lateral tricuspid annulus relative to the apex over 

the entire cardiac cycle, as some data has shown a relevant negative motion component associated with 

atrial systole.20  

Speckle-tracking-based strain and strain rate were also measured using dedicated left ventricular software 

(advanced Cardiac Motion Quantification; QLAB 10.5; Philips Healthcare, Andover, MA, USA) and are 

viewable in Supplemental Video 3 - 2. This software requires the user to identify the septal and lateral 

annulus as well as the apex of the heart. After automated detection of the endocardial boarder, the 

software calculates strain and strain rate for the basal, mid, and apical segments of the lateral and septal 

walls (6-segment model). Total right ventricular free wall strain and strain rate were calculated by 

averaging the values of the basal, mid, and apical segments of the right ventricular free wall only (i.e. a 3-

segment model). As this software is optimized for a thicker left ventricle in the apical 4-chamber 

transthoracic view, manual correction for shape, thickness, and the right ventricular midline was required 

for each image.  

The quality of TAPSE by M-mode, S’, and 2D images was rated along predefined criteria (Supplemental 

Table 3 - 1). The times required for software analyses (strain and strain rate, TAPSE by speckle-tracking) 

were measured by one rater in a subset of 10 patients and are presented as medians (Q1, Q3). Images 

were both acquired and analyzed by two independent echocardiographers, with one echocardiographer 

repeating analysis after four weeks.  

 

Statistical Analysis 

After confirmation of a normal distribution by Shapiro-Wilk tests, we compared TAPSE by M-mode in each 

of the TEE views as well as TAPSE by speckle-tracking in the midesophageal 4-chamber view to our 
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reference standard – TAPSE by M-mode in the apical 4-chamber view – by means of paired Student’s t-

tests. In order to adjust for multiple testing of our exploratory endpoints, we performed a Holm 

adjustment for each paired t-tests. 

Analogously, we compared S’ in both the deep transgastric and transgastric right ventricular inflow 

transesophageal views to S’ in the apical 4-chamber transthoracic views. Finally, for myocardial 

deformation, we explored strain and strain rate in the midesophageal 4-chamber TEE view compared to 

the apical 4-chamber transthoracic view.  

As a potentially promising option for overcoming misalignment in TAPSE by M-mode, we also examined 

correlation and agreement of TAPSE by speckle-tracking in the midesophageal 4-chamber TEE view to 

TAPSE by M-mode in the apical 4-chamber TTE view. Specifically, we examined correlation by linear 

regression and Pearson’s correlation coefficient, and agreement by a Bland-Altman Plot. 

Possible differences in image quality by both views and raters were examined by Fisher’s exact test. 

Differences in the time required for assessing these possible solutions were examined by a Wilcoxon 

signed-rank test. We used interclass correlation coefficients (ICC) to assess both interrater and intrarater 

reliability. Specifically, we used a two-way random-effects model, mean of k-raters, and absolute 

agreement for interrater reliability (ICC(2,k)) and two-way mixed effects, mean of k measurements, and 

absolute agreement (ICC(3,1)) for intrarater reliability as defined by Shrout and Fleiss.22 We classified ICCs 

as poor (<0.40), fair (0.41-0.59), good (0.60 – 0.74), and excellent (>0.74).23 

All analyses were conducted in R 3.5.2 (The R Foundation for Statistical Computing, Vienna, Austria). 

Summary statistics for all endpoints are based on the mean patient measurement (e.g. n=25) of both 

assessor’s first measurement.  

Results 

Descriptive Analysis of Patients and Quality of Images 

Figure 3 - 1 shows a flow diagram of patient inclusion. All patients were analyzed as allocated. Patients had 

a mean age of 69 years (SD 11 years); 72% were male. Image quality for M-mode, tissue Doppler and 2D 

images was generally high or middle, with <2% being low-quality images. No significant differences in 

image quality or assessor was observed across views (Supplemental Table 3 - 1). Hemodynamic data was 

not different during the first and second time of measurements (e.g. TEE and TTE): systolic blood pressure 

112±15 mmHg vs 109±13 mmHg, p=0.488; diastolic blood pressure 53±6 mmHg vs 55±7 mmHg, p=0.178; 

heart rate 63±11 beats per minute vs 60±9 beats per minute, p=0.510).   

Analysis of Echocardiographic Parameters 

Figure 3 - 3 shows tricuspid annular displacement in TTE and TEE views.  
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Figure 3 - 3: Measurement of Tricuspid Annular Displacement by Echocardiography Views and Measurement 
Techniques. 

Boxplots are based on all available data; P-values are compared to the apical 4-chamber reference in paired tests. As 
shown in Figure 3 - 1, a small number of images were missing, meaning that P-values are based on 24 data pairs for 
TAPSE in the ME4C, dTG, and by speckle-tracking, but 19 pairs for TAPSE in the TGRVi. Boxplots show Q1, Q2, and Q3 
on the box itself with whiskers showing either the maximum/minimum values or 1.5 times the interquartile range, 
whichever is closer to the median. TAPSE = tricuspid annular plane systolic excursion.  

Source: own depiction. 

TAPSE by M-mode in the midesophageal 4-chamber view clearly and significantly underestimated 

displacement compared to TAPSE by M-mode in the apical 4-chamber view reference (13.1±3.8 mm vs 

17.3±4.0 mm, P<0.001, mean difference = 4.2 mm). The transgastric right ventricular inflow views showed 

similar underestimation (12.3±4.0 mm; P=0.001; mean difference 5.0 mm) as did the modified deep 

transgastric view (14.5±4.7 mm; P=0.017; mean difference 2.8 mm), respectively. TAPSE by speckle-

tracking in the midesophageal 4-chamber view led to values similar TAPSE by M-mode in the apical 4-

chamber view (16.9±5.4 mm, P=0.736 mean difference = 0.4 mm).   

Figure 3 - 4 shows correlation and agreement of TAPSE by speckle-tracking in the midesophageal 4-

chamber view and TAPSE by M-mode in the apical 4-chamber view.  
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Figure 3 - 4: Correlation and Agreement of Tricuspid Annular Plane Systolic Excursion Based on Speckle-Tracking and 
M-Mode. 

TAPSE = tricuspid annular plane systolic excursion. 

Source: own depiction. 

Correlation was significant with good model fit (slope=0.81; r=0.59), and agreement proved to be 

unbiased, but with rather wide 95% limits of agreement (LoA) (mean bias -0.3 mm, 95% LoA -9.1 to 8.4 

mm).  

Figure 3 - 5 shows S’ by tissue Doppler in TTE and TEE views.  
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Figure 3 - 5: Tricuspid Annular Tissue Doppler Velocities. 

Note: P-values refer to the apical 4-chamber reference and are based on 24 pairs for S’ in the ME4C and dTG and 19 
pairs for the TGRVi. Boxplots show Q1, Q2, and Q3 on the box itself with whiskers showing either the 
maximum/minimum values or 1.5 times the interquartile range, whichever is closer to the median. S’ = systolic 
tricuspid annular velocity measured by tissue Doppler imaging. 

Source: own depiction. 

Again, S’ was clearly and significantly underestimated in the midesophageal 4-chamber view compared to 

the apical 4-chamber view, and again, neither the modified deep transgastric nor transgastric right 

ventricular inflow views overcame this problem. 

Surprisingly, unlike tricuspid annular displacement or velocity, right ventricular free wall strain and strain 

rate were more negative in the midesophageal 4-chamber view than the apical 4-chamber view (strain: -

17.7±3.6 vs -12.6±2.1, P<0.001; strain rate: -1.0±0.2 1/s vs -0.7±0.1, P<0.001).  
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Required Time and Reproducibility of Speckle-Tracking-Based Measurements 

The median times for measuring strain and strain rate of already acquired 2D images were 61 s (34-93 s) 

and 170 s (139-206 s), respectively. Analogously, TAPSE by speckle-tracking required a median of 29 s (24-

42 s).   

Inter- and intrarater reliability revealed conventional measurement methods (e.g. TAPSE by M-mode and 

S’ by tissue Doppler) to generally show fair to excellent interrater and excellent intrarater reliability 

(TAPSE: ICC 0.58-0.87 and 0.86-0.98 for interobserver and intraobserver reliability, respectively; S’: ICC 

0.78-0.95 and 0.89-0.99 for interobserver and intraobserver reliability, respectively). Speckle-tracking-

based measurements showed interrater and intrarater reliabilities of 0.56-0.63 and 0.70 -0.81, 0.42-0.62 

and 0.40-0.53, and 0.44-0.49 and 0.40-0.60 for speckle-tracking-based TAPSE, strain, and strain rate, 

respectively (Supplemental Table 3 - 2).  

Discussion 

In this study of right ventricular longitudinal systolic function measured in TTE and TEE views under 

identical loading conditions in anesthetized and ventilated patients, we demonstrated that significant 

differences exist in measurements of displacement, velocity, and myocardial deformation in the same set 

of patients. 

Tricuspid Annular Displacement Measured by M-Mode  

We first confirmed and quantified underestimation of TAPSE in the midesophageal 4-chamber view. Our 

results are similar to the published underestimation of 6.5 mm by Markin et al.20 

Second, we considered whether or not alternative transesophageal views would more accurately estimate 

TAPSE by M-mode, as has been suggested.3,5,24,25 However, neither the modified deep transgastric view 

nor the transgastric right ventricular inflow view seem particularly promising alternatives. Flo Forner et 

al.26 also found a similar degree of underestimation of TAPSE by M-mode in the modified deep transgastric 

view (mean 1.5 mm)26, while Korshin et al.27 found a mean underestimation of 1.2 mm and 3.2 mm in the 

modified deep transgastric view and transgastric right ventricular inflow views, respectively, which, 

however, were only obtained in some 50% of patients. Reasons for underestimation may be residual in-

plane misalignment (as illustrated by improvements with anatomic M-mode),26,27 sagittal out-of-plane 

misalignment (e.g. anteflexion in the midesophageal 4-chamber view), and visualization of a less mobile 

inferior tricuspid annulus.  

Tricuspid Annular Displacement Measured by Post-Processing of 2D Loops 

TAPSE based on post-processing of 2D loops in TEE may overcome angle-dependence. First, TAPSE may be 

measured by anatomic M-mode, which examines 2D pixel samples along a freely positioned cursor line, 

thereby increasing accuracy.28,29 TAPSE measurements are more accurate when using anatomic M-mode 
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than conventional M-mode in the transesophageal views.26,27 However, anatomic M-mode is not available 

on all echo machines. A second approach – and the one used in this study – is to employ speckle-tracking. 

While tracking of the mitral annulus has been shown to be fast, sensitive, and reproducible,30,31 the 

tricuspid annulus remains insufficiently examined. Shen et al. 32 compared post-induction speckle-tracking-

based TAPSE in the midesophageal 4-chamber view to preinduction (up to 3 months) TAPSE by M-mode 

in the apical 4-chamber view. In addition to this limitation, 12 patients were excluded because of low-

quality images. Both measurements correlated and agreed with one another (Pearson’s r=0.87; mean bias 

+2.4 mm [larger in TAPSE by M-mode], 95% LoA -2.7 to 7.5 mm). Markin et al.20 examined postinduction 

TAPSE by M-mode and speckle-tracking in the midesophgeal 4-chamber view and apical 4-chamber view 

in 84 of 112 patients. They found TAPSE by M-mode in the apical 4-chamber view to correlate with TAPSE 

by speckle-tracking in the midesophgeal 4-chamber view (Pearson’s r=0.62), but did not examine 

agreement.  

Our study is the third to examine this approach. It adds 1) a randomization of TTE and TEE image acquisition 

in order to ensure identical loading conditions, 2) image acquisition and analysis by two raters, 3) a nearly 

complete number of patients (24/25; 1 patient excluded in the apical 4-chamber view due to urgent 

surgery).  

In summary, TAPSE by speckle-tracking in the midesophgeal 4-chamber view correlated with TAPSE by the 

reference standard. Unlike Shen et al.,32 our study showed TAPSE by speckle-tracking to be unbiased, but 

imprecise (i.e. showing substantial variability). We attribute this to potential increases in variability to a 

complete analysis of two raters both acquiring and analyzing their own images of ventilated, anesthetized 

patients examined in the supine position. Indeed, as also suggested by Markin et al., interrater reliability 

of TAPSE by speckle-tracking may be a serious limitation (in that study, the inexperienced rater was only 

able to rate 84 images; Pearson’s r=0.71).20 While correlation and mean bias are promising, variability and 

reproducibility seem to limit the utility of TAPSE by speckle-tracking as a surrogate for TAPSE in the 

reference standard apical 4-chamber view. From a clinical perspective, TAPSE will be underestimated in 

M-mode in any TEE view; TAPSE by speckle-tracking, however, may be an option, despite slightly lower 

reproducibility. Additionally, TAPSE by speckle-tracking can be measured retrospectively – provided that 

a midesophageal 4-chamber view has been acquired – while M-mode measurements must be made at the 

time of imaging. 

Tricuspid Annular Systolic Velocity  

Tricuspid annular systolic velocity has not been extensively studied in TEE, despite its prognostic value in 

TTE, 4,6 robustness, 33 and its lesser dependence on loading conditions than TAPSE.4,10 Tousignant et al.25 

found S’ measured in the apical 4-chamber view to be higher than S’ measured in the transgastric right 
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ventricular inflow view (8.98±1.96 cm/s vs 5.88±1.83 cm/s), similar to studies examining mean tricuspid 

annulus velocity in those same two views.24,34 Both author groups explained this difference through 

measurements of the tricuspid annulus at the less mobile inferior site. Our data confirms underestimation 

of TDI velocities measured in TEE compared to TTE in both the transgastric right ventricular inflow view as 

well as in a modified deep transgastric view. This further questions the clinical use of TDI in assessing 

tricuspid annular velocities by TEE, regardless of the TEE view used. 

Myocardial Deformation: Strain and Strain Rate  

Kurt et al. found global peak longitudinal strain between apical 4-chamber view and midesophageal 4-

chamber view to show good agreement for the right ventricle when examining both the septum and right 

ventricular free wall (i.e. a 6-segment model; mean bias 0.8, 95% LoA -6.1 to 7.7).35 Similarly, Tousignant 

et al.36 found global right ventricular strain to be comparable between midesophgeal 4-chamber view and 

apical 4-chamber view (-20.3 and -20.0, respectively). However, examining only the right ventricular free 

wall showed higher values in the midesophgeal 4-chamber view in the basal, mid, and apical segments (-

31.5 vs -22.8, -29.8 vs. -22.5, and -23.3 vs -20.6).36 Our study confirms significantly higher values of strain 

and strain rate of the right ventricular free wall in the midesophageal 4-chamber view. Interestingly, strain 

has also been shown to be higher in TEE of the left ventricle, albeit to a lesser degree (mean bias 3.4±4.9).37  

A number of reasons – largely based on the characteristics of the 2D image acquisition – may explain the 

higher measurements in the right ventricular free wall by TEE. First, measurements of myocardial 

deformation are dependent on temporo-spatial resolution. Temporal resolution decreases as the depth of 

imaging increases. Increases in sector width also lead to less robust tracking38 and decreased spatial 

resolution influences lateral resolution more than axial resolution. Additionally, the higher frequencies 

used in transesophageal probes lead to poorer far-field resolution. Furthermore, acoustic shadows from 

valvular structures may decrease the quality of tracking, particularly at the apex. Taken together, it seems 

unrealistic to expect a decreased number of trackable speckles in a thin-walled, laterally-oriented right 

ventricular free wall37 in the noisier far-field of the midesophageal 4-chamber view to track as well as in 

TTE. The composition of the 2D image challenges the notion that speckle-tracking is a fully angle-

independent technology.17 Finally, most vendor-specific tracking software and algorithms are not only 

based on TTE of the left ventricle, but also show significant intervendor variability.39  

From a clinical perspective, despite its attractive appeal, speckle-tracking-based myocardial deformation 

of the right ventricular free wall should be used with caution, as TEE values are not necessarily similar to 

those measured by TTE. Furthermore, the more negative values in TEE suggest a better function than in 

the TTE reference, which may be particularly dangerous for patient management if clinicians assume 

values to be interchangeable. 
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Strengths and Limitations 

This study has a number of strengths. First, this study prospectively acquired a randomized sequence of 

echocardiography images under identical loading conditions in anesthetized, ventilated patients 

undergoing cardiac surgery. Second, we examined a number of right ventricular measurements in the 

same group of patients covering displacement, velocity, and deformation imaging by both TEE and TTE. 

Third, all measurements were both acquired and analyzed by two echocardiographers, creating a realistic 

interrater reliability involving both image acquisition and software analyses. Fourth, while some data on 

TAPSE in various forms exists, data comparing TTE and TEE for S’ and deformation of the right ventricle are 

scarce. Fifth, this study shows that the implementation of strain and strain rate of the right ventricular free 

wall in TEE may not be as promising as for the left ventricle assessed by TTE. 

This study also had some limitations. First, we only included 25 patients undergoing cardiac surgery. 

Although sufficient for answering the research question posed, it would be interesting to confirm these 

results in larger and other populations.  

Second, tricuspid annular displacement and velocity are – strictly speaking – regional values, prone to 

missing out-of-plane motion. Nonetheless, TAPSE and S’ correlate well with global right ventricular 

function4,6,14-16, and are common clinical measurements. 4,10  

Third, TTE measurements were made in a supine position rather than the left lateral decubitus position. 

However, our goal was to explore differences in TTE and TEE measurements under identical conditions. 

Repositioning anesthetized and ventilated patients on an operating table for the purpose of full 

compliance with a cardiological gold standard seems as cumbersome as it is foreign to the perioperative 

clinician. Similarly, it is uncertain to what extent these results are transferable to lightly sedated, 

spontaneously breathing patients undergoing TEE, as positive pressure ventilation increases right 

ventricular afterload. However, clinical problems requiring right ventricular assessment are most likely to 

occur in states of increased afterload. 

Fourth, our interrater reliability was not as high as in some other studies, which had images acquired by 

only one rater. However, despite the added variability, we feel true interrater reliability in 

echocardiography also involves the acquisition of images by each rater, rather than just two post 

acquisition analyses.  

Fifth, our speckle-tracking-based measurements of strain and strain rate were performed on dedicated 

left ventricular software with vendor specific tracking algorithms and software limitations (e.g. size of the 

area of interest, determination of end-systole, etc.). 
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Finally, our study suffers from a common problem in TEE: there is no real gold standard comparison for 

right ventricular measurements in anesthetized and ventilated patients; current guidelines recognize, but 

do not or cannot resolve, this problem. Angle-dependence severely hampers measurements of the right 

ventricle and speckle-tracking should be used with caution. 

Conclusion 

The midesophageal 4-chamber TEE view significantly underestimates tricuspid annular displacement and 

velocity compared to the reference standard TTE view. Neither the use of alternative TEE views with 

conventional technologies, nor the use of speckle-tracking-based strain and strain rate proved to be 

promising surrogates. However, speckle-tracking-based TAPSE shows some promise as an unbiased but 

potentially imprecise measure of displacement.  
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Supplemental Table 3 - 1: Summary and Definition of Image Quality. 

Measurement Quality of Images Global P 

(Views) 

Global P 

(Assessor) High Middle Low NA 

TAPSE by M-mode     

0.086 0.164 

 Apical 4-chamber view 39 9 0 2 

 Midesophageal 4-chamber view 44 4 2 0 

 Deep transgastric view 41 7 2 0 

 Transgastric right ventricular inflow view1 31 5 0 0 

 SUM 155 25 4 2 

S’ by tissue Doppler       

      Apical 4-chamber view 42 6 0 2 

0.120 

 

0.052 

 

 Midesophageal 4-chamber view 47 2 1 0 

 Deep transgastric view 39 11 0 0 

 Transgastric right ventricular inflow view1 32 4 0 0 

 SUM 160 23 1 2 

2D Loops (for post-processing)     

      Apical 4-chamber view 28 14 2 6 

0.173 0.222  Midesophageal 4-chamber view 39 9 2 0 

 SUM 67 23 4 6 

1view added after first 6 patients, explaining lower total number. 

P-values are the global P from a Fisher’s exact test of image quality and views and image quality 

and assessors, respectively. 

Predefined quality definitions: 

TAPSE by M-mode: high quality was defined as a trace having a profile with a crisp, non-smudged, 

clearly demarcated profile of the tricuspid annular plane, middle quality as having a profile not 

clearly fulfilling these criteria but with clearly distinguishable minimal and maximal points of 

displacement, and low quality as smudged, non-clearly distinguishable minimal and maximal 

points. 

TDI: high quality was defined as crisp, hollow curves, middle quality as filled-in curves with clearly 

distinguishable peaks, and low quality as any trace with non-clearly distinguishable peaks. 

2D loops: high quality was defined as a non-foreshortened image as determined by a still apex and 

clearly demarcated, visualizable endocardial border, middle quality as images lacking one of the 

points of high quality, and low quality as images involving missing segments or smudged 

endocardial borders. 
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Supplemental Table 3 - 2: Interrater and Intrarater Reliability. 

Variable ICC, Interobserver ICC, Intraobserver 

Measures of displacement, tricuspid annulus   

TAPSE by M-mode, apical 4-chamber view 0.58 (0.03 – 0.82) 0.87 (0.72 – 0.94) 

TAPSE by M-mode, midesophageal 4-chamber view 0.87 (0.70 – 0.94) 0.86 (0.72 – 0.94) 

TAPSE by M-mode, deep transgastric view 0.76 (0.45 – 0.89) 0.93 (0.84 – 0.97) 

TAPSE by M-mode, transgastric right ventricular inflow view 0.86 (0.63 – 0.95) 0.98 (0.94 – 0.99) 

TAPSE by speckle-tracking, apical 4-chamber view 0.63 (0.10 – 0.84) 0.81 (0.59 – 0.92) 

TAPSE by speckle-tracking, midesophageal 4-chamber view 0.56 (0.00 – 0.82) 0.70 (0.43 – 0.86) 

   

Measure of velocities, tricuspid annulus    

S’ by tissue Doppler, apical 4-chamber view 0.95 (0.90 – 0.98) 0.99 (0.98 – 1.00) 

S’ by tissue Doppler, midesophageal 4-chamber view 0.78 (0.49 – 0.90) 0.89 (0.76 – 0.95) 

S’ by tissue Doppler, deep transgastric view 0.81 (0.58 – 0.92) 0.98 (0.95 – 0.99) 

S’ by tissue Doppler, transgastric right ventricular inflow view 0.78 (0.42 – 0.92) 0.96 (0.89 – 0.98) 

   

Measures of myocardial deformation, right ventricular free wall   

Strain (RVFW), apical 4-chamber view 0.42 (0.00 – 0.76) 0.53 (0.15 – 0.78) 

Strain (RVFW), midesophageal 4-chamber view 0.62 (0.13 – 0.83) 0.40 (0.01 – 0.68) 

Strain rate (RVFW, S-wave), apical 4-chamber view 0.44 (0.00 – 0.77) 0.40 (0.00 – 0.70) 

Strain rate (RVFW, S-wave), midesophageal 4-chamber view 0.49 (0.00 – 0.77) 0.60 (0.27 – 0.80) 

 

<0.40 = poor, 0.40-0.59 = fair, 0.60-0.74 = good, >0.74 = excellent. Interrater reliability calculated using a two-

way random effect model, mean of k-raters and absolute agreement (ICC (2,k)). Intrarater reliability calculated 

with a two-way mixed-effects model, mean of k measurements, and absolute agreement (ICC (3,1)). 

Conventional measurements are in regular font while speckle-tracking-based measurements are in italics. 
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CHAPTER 4: A Novel Speckle-Tracking-Based Approach to Assessing the Right 

Ventricle in TEE 
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Abstract 

Objectives: We present a novel speckle-tracking-based option for measuring tricuspid annular velocities 

in the midesophageal 4-chamber view (ME4C), which we compared to velocities measured by tissue 

Doppler in the apical-4 chamber view (AP4C). As this method was based on a modified speckle-tracking-

based measurement of TAPSE, we also compared TAPSE by speckle-tracking in the ME4C to TAPSE by M-

mode in the AP4C. 

We hypothesized that velocities measured by speckle-tracking in TEE would be similar, correlate and agree 

with those measured by tissue Doppler in TTE.  

Design: prospective diagnostic study with randomization of the order of postinduction echocardiography 

views by TTE (AP4C) and TEE (ME4C). Images were both acquired and analyzed by two echocardiographers 

independently. The primary outcome was S’; secondary outcomes were E’, A’, and TAPSE. 

Setting: single university hospital. 

Participants: consecutive adult patients undergoing coronary artery bypass grafting or aortic valve 

replacement. 

Interventions: none. 

Main Results: Complete data was available in 24/25 patients. For the primary outcome, S’ measured by 

speckle-tracking in the ME4C correlated and agreed with S’ measured by tissue Doppler in the AP4C 
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(S’STE=0.87STDI+0.60, P<0.001, r=0.78; mean bias -0.6 cm/s, 95% LoA -3.5 to 2.4 cm/s). Similarly results were 

found for E’, but not A’ (E’STE=0.69E’TDI+2.37, P<0.001, r=0.71; mean bias 0.1 cm/s, 95% LoA -2.5 to 2.8 

cm/s; A’STE=0.15A’TDI+11.17, P=0.629). TAPSE measurements by our modified speckle-tracking-based 

technique were similar to TAPSE be M-mode (18.2±5.5 mm and 17.1±3.9 mm, respectively).    

Conclusions: Tricuspid annular velocities (S’STE, E’STE) determined by speckle-tracking in TEE seem 

promising surrogates for velocities measured in TTE. This may be important for perioperative assessment 

of the right ventricle. 

Keywords: tricuspid annular velocity; longitudinal right ventricular function; speckle-tracking; tricuspid 

annular plane systolic excursion (TAPSE). 
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Introduction 

Assessing right ventricular performance – which has been shown to be a predictor of mortality in a number 

of perioperative settings1-3 – is as important4-9 as it is difficult in transesophageal echocardiography 

(TEE).10,11 However, current guidelines regarding the right ventricle,8 quantification of myocardial chamber 

and function,12 and diastolic function13 are based on transthoracic echocardiography (TTE). On account of 

the longitudinal muscle fiber orientation and resultant contractility, 14,15 tricuspid annular plane systolic 

excursion by M-mode (TAPSEM-MODE) or tricuspid annular velocities by tissue Doppler imaging (TDI) are 

recommended surrogates for global right ventricular function.8 Furthermore, a number of studies have 

shown tricuspid annular velocities and displacement to correlate with global right ventricular function8,9,16-

20 and clinical outcomes. 8,9,17,21 However, both M-mode and TDI are highly angle-dependent technologies 

and there is inherent misalignment of the ultrasound beam in TEE. It would be desirable to find similar 

measures of tricuspid annular velocity in TEE. 

Recently, a measurement method of TAPSE based on speckle-tracking technology (TAPSESTE) has emerged 

as a validated method of measuring displacement in TEE.22,23 Specifically, the studies showed that TAPSESTE 

measured in the midesophageal 4-chamber view (ME4C) reliably correlated and agreed with TAPSEM-MODE 

measured in the apical 4-chamber view (AP4C). Briefly, this technology analyses 2D-cineloops by tracking 

the position of the lateral tricuspid annulus relative to the apex and then measuring the distance between 

these points for each frame over a given R to R interval.8,12 

We wondered whether or not differentiating the displacement-time relationship generated by a 

commercially available software could yield clinically useful measures of tricuspid annular velocities. 

Systolic velocities (S’) are less influenced by loading conditions, 8,24  which may be very important in the 

dynamic perioperative period (i.e. the influence of positive pressure ventilation, anesthesia, blood loss, 

extra corporeal circulation, etc.),25,26 Additionally, diastolic annular velocities also yield important 

information and are used in the classification of diastolic function.13 

Specifically, the main aim of this study was to ascertain whether or not accurate, precise, and reliable 

measurements of S’, E’, and A’ could be obtained by measuring displacement over time via a modified, 

noise-reduced, speckle-tracking-based method (i.e. TAPSESTE) and then differentiating with respect to time 

(i.e. S’STE, E’STE, A’STE). For this purpose, we first validated our modified method of measuring TAPSESTE in 

the ME4C and then compared the differentiation over time of this method (i.e. S’STE, E’STE, and A’STE) to 

velocities measured in the AP4C by tissue Doppler imaging (i.e. S’TDI, E’TDI, and A’TDI). 
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Methods 

Study Design, Participants, and End-Points  

This is an explorative analysis of a diagnostic study based on a high-quality dataset of randomized and 

standardized echo views in consecutive adult patients undergoing coronary artery bypass grafting or aortic 

valve replacement from February 2017 to July 2017 at a university hospital. Patients with irregular heart 

rhythms, severe annular calcification, or tricuspid/mitral valve surgeries were not eligible. All patients 

provided written informed consent for their participation. This study was approved of by an institutional 

review board and registered prior to patient enrolment at clinicaltrials.gov (NCT03088943, Date of 

registration: February 14, 2017). 

The primary endpoint was systolic tricuspid annular plane velocity by speckle-tracking (S’STE) in the ME4C, 

which we compared to our reference standard, S’ by TDI (S’TDI) in the AP4C. Secondary outcomes were E’STE 

and A’STE in the ME4C, which we analogously compared to E’TDI and A’TDI in the AP4C. As a proof of concept, 

we also compared S’STE, E’STE, and A’STE to S’TDI, E’TDI, and A’TDI all in the AP4C. In order to validate the 

modified measurement method of TAPSE by speckle-tracking (TAPSESTE) from which velocities were 

calculated, we first compared TAPSESTE in the ME4C to TAPSEM-MODE in the AP4C. In order to justify our 

altered approach, we also compared speckle-tracking-derived velocities using the right ventricular apex as 

a reference point.  

Echocardiography Image Acquisition and Analysis 

During a period of hemodynamic stability and following induction with 2 mg/kg propofol, 2-3 µg/kg 

fentanyl, 0.5 mg/kg rocuronium, and sevoflurane maintenance, two echocardiographers acquired TTE and 

TEE images independently in a balanced randomized order (Figure 4 - 1).  



 
 

 
  68 
 

 

Figure 4 - 1: Flow Chart of Patient Inclusion and Available Data. 

AP4C = apical 4-chamber view, ME4C = midesophageal 4-chamber view, STE = speckle-tracking echocardiography, 
TDI = tissue Doppler imaging, TEE = transesophageal echocardiography, TTE = transthoracic echocardiography.  

Source: own depiction. 

Randomization was performed by an otherwise uninvolved study nurse by a sealed envelope method, and 

envelopes were opened in the operating room upon patient arrival. Images were then analyzed with each 

echocardiographer examining the images they themselves had acquired. One echocardiographer repeated 

the analyses after 4 weeks. All images were acquired in the supine position in end-expiratory apnea using 

a Philips iE33 ultrasound machine, a S5-1 (TTE) transducer, and a X7-2t (TEE) transducer (all Philips, 

Amsterdam, Netherlands). S’TDI , E’TDI , A’TDI, and TAPSEM-MODE in the AP4C was measured as the mean value 

of three consecutive beats. 
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S’STE, E’STE, and A’STE were calculated by transforming the displacement-time curve of TAPSESTE 

measurements made using an offline workstation with QLAB 10.5 (Philips Healthcare, Andover, MA, USA; 

Figure 4 - 2, top). 

 

Figure 4 - 2: Derivation of SSTE in a Two-Step Approach. 

Top panels illustrate the measurement of tricuspid annular plane displacement using commercial software; bottom 
panels show measurement of velocities and peak velocity determination using a custom-made code in R. The left side 
(A) shows the vendor-endorsed method using the apex as a point of reference, while (B) shows our modified method. 
Note the decrease in noise in displacement and velocities in B. Supplemental videos are available for both A and B. 

Source: own depiction.  

 Briefly, this software asks the user to place three points: two at the tricuspid annulus (blue and orange in 

Figure 4 - 2 A and B, top) and one at the apex of the right ventricle (red in Figure 4 - 2 A, top). The software 

then measures the difference from both the lateral tricuspid annulus (blue) and the medial annulus 

(orange)  to the apex (red) at each frame over an R-to-R interval (one frame is one dot on the resultant 

displacement-time curves).  For our analysis, we examined the lateral tricuspid annulus only (blue curve). 

Our preliminary analyses suggested that using the apex as the point of reference as foreseen by the vendor 

(Figure 4 - 2 A, top) and as previously published,22,23 led to substantial noise not relevant to TAPSESTE, but 

of substantial relevance for velocities (Figure 4 - 2 A, bottom). Increased noise has been shown to decrease 
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the number of traceable speckles compared to TTE, 27 and random noise will increase peak velocities.  As 

a consequence, we opted to focus exclusively on movement of the tricuspid annulus relative to a fixed 

reference point, much like TDI, which calculates velocities from frequencies emitted and received by an 

immobile transducer. Specifically, we used a reference point at an equidistant, mirror-image point at end-

diastole (red circle in Figure 4 - 2 B, top), which led to less noisy velocities (Figure 4 - 2 B, bottom). While 

other reference points may also have been used (ideally any collinear point to the plane of motion of the 

tricuspid annulus), the mirror image point has the benefit of being relatively easy to eyeball and far enough 

from the tricuspid annulus to reduce residual misalignment. An alternative reference point was required 

for two reasons: first, it is not possible to “turn off” tracking at reference points and using a region of 

interest off of the actual 2D loop ensures immobility, and, second, selecting a point beyond the apex (i.e. 

in the bottom right of the image) frequently led to movement due to tracking of the ECG. Supplemental 

Videos 4 - 1A and 4 - 1B show the loops of the images in Figure 4 - 2. In addition to visually ensuring 

adequate tracking, we also examined the shape of the resultant displacement-time curve (analogous to 

the shape of the TAPSEM-MODE curve). Nonetheless, we also examined speckle-tracking-based velocities 

using the apical reference point. 

In a second step (Figure 4 - 2 A and B, bottom), we then exported the displacement-time data from QLAB 

into R 3.4.3 (The R Foundation for Statistical Computing, Vienna, Austria). Each point was plotted (black 

points), a spline was placed on the data without any smoothing (red line), and the first derivative was 

plotted (blue line). Values for the tricuspid annular velocities and displacement were generated 

automatically in R and were visually confirmed (analogous to assessing the shape of a TDI curve). 

Statistical Analysis 

Summary statistics for all endpoints are based on the mean patient measurement (e.g. n=25) of both 

assessor’s first measurement, unless stated otherwise. For full transparency, figures also show each 

measurement pair (i.e. three measurements per patient; from both assessors and the repeat 

measurements of one assessor). 

As the basis of our velocity measurements, we first validated our modified method for measuring TAPSESTE 

by plotting TAPSESTE in the ME4C against TAPSEM-MODE in the AP4C. We reported slope and Pearson’s r as a 

parameter of model fit and examined agreement by a Bland-Altman plot. 

For the study’s primary (S’STE in the ME4C vs S’TDI in the AP4C) and secondary velocity endpoints (E’STE vs 

E’TDI; A’STE vs A’TDI) we assessed possible differences by paired Student’s t-tests, by correlation, and by 

Bland-Altman plots as above. Similar analyses were performed using the apical reference point (as a 

justification of our alternative method) and using speckle-tracking-based velocities in the AP4C (as a proof 

of methodology). 
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We assessed both interrater and intrarater reliability by interclass correlation coefficients (ICCs). 

Specifically, we used a two-way random-effect model, mean of k-raters, and absolute agreement for 

interrater reliability (ICC (2,k)), and two-way mixed effects, mean of k measurements, and absolute 

agreement (ICC (3,1)) for intrarater reliability as defined by Shrout and Fleiss.28 Interobserver reliability 

involved independent image acquisition and analysis, while intraobserver reliability involved a reanalysis 

of images already acquired by that assessor four weeks after initial measurements. We classified ICCs as 

poor (<0.40), fair (0.41-0.59), good (0.60 – 0.74), and excellent (>0.74).29  

As an explorative analysis, the sample size determined by the size of the data set (clinicaltrials.gov 

NCT03088943). All analyses were conducted in R 3.4.3 (The R Foundation for Statistical Computing, Vienna, 

Austria).  

Results 

Analysis of Echocardiographic Parameters 

Figure 4 - 1 shows a flow diagram of patient inclusion for eligible patients. A total of six patients were not 

eligible due to atrial fibrillation, while none were ineligible due to severe annular calcification. Of the 32 

eligible patients, seven were excluded due to postponing of surgery, declining to participate, or language 

barriers. Data was largely complete with S’STE, E’STE, and A’STE in the ME4C available in all 25 patients and 

S’TDI, E’TDI, and A’TDI in the AP4C available in 24/25 patients (one excluded for urgency). All patients were 

analyzed as allocated. 

Figure 4 - 3 shows the modified TAPSESTE in the ME4C and the TAPSEM-MODE in the AP4C with mean values 

of 18.2±5.5 mm and 17.1±3.9 mm, respectively.  
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Figure 4 - 3: Validation of the Modified Method of Determining TAPSESTE. 

AP4C = apical 4-chamber view, ME4C = midesophageal 4-chamber view, TAPSEM-MODE = tricuspid annular plane systolic 
excursion by M-mode, TAPSESTE = tricuspid annular plane systolic excursion by speckle-tracking. The dotted line shows 
a line of perfect 1:1 correlation, while the solid line shows the regression line from the data. 

Source: own depiction. 

Correlation was significant (TAPSESTE = 0.79TAPSEM-MODE + 4.96; P<0.001) with fair model fit (r=0.56), and 

agreement showed a mean bias of 1.4 mm (95% LoA = -7.8 to 10.5 mm). 

Figure 4 - 4 shows S’STE, E’STE, and A’STE in the ME4C compared to S’TDI, E’TDI, and A’TDI in the AP4C.  
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Figure 4 - 4: Correlation and Agreement of Tricuspid Annular Velocities Based on Speckle-Tracking and Tissue Doppler. 

A’STE = tricuspid annular velocity (diastolic, atrial) measured by speckle-tracking echocardiography, A’TDI = tricuspid 
annular velocity (diastolic, atrial) measured by tissue Doppler imaging, AP4C = apical 4-chamber view, E’STE = tricuspid 
annular velocity (diastolic, early) measured by speckle-tracking echocardiography, E’TDI = tricuspid annular velocity 
(diastolic, early) measured by tissue Doppler imaging, ME4C = midesophageal 4-chamber view, S’STE = tricuspid 
annular velocity (systolic) measured by speckle-tracking echocardiography, S’TDI = tricuspid annular velocity (systolic) 
measured by tissue Doppler imaging. The dotted line shows a line of perfect 1:1 correlation, while the solid line shows 
the regression line from the data. 

Source: own depiction. 

In terms of correlation, S’STE in the ME4C correlated with S’TDI in the AP4C with excellent model fit 

(S’STE=0.87STDI+0.60, P<0.001, r=0.78). Similarly, E’STE in the ME4C correlated with E’TDI in the AP4C with 

good model fit (E’STE=0.69E’TDI+2.37, P<0.001, r=0.71). A’STE did not correlate (A’STE=0.15A’TDI+11.17, 

P=0.629, r=0.11). In terms of agreement, S’STE and E’STE showed mean biases of -0.6 cm/s (95% LoA -3.5 to 

2.4 cm/s) and 0.1 cm/s (95% LoA -2.5 to 2.8 cm/s). Mean bias for A’STE was 2.4 cm/s (95% LoA -7.3 to 12.1 

cm/s). Using the “noisy” apex as a reference point showed a lack of correlation and a more than doubling 

of the 95% LoA (Supplemental Figure 4 - 1). 

Figure 4 - 5 shows velocities in the AP4C only, measured by both speckle-tracking as well as by TDI.  
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Figure 4 - 5: Correlation and Agreement of Tricuspid Annular Velocities Based on Speckle-Tracking and Tissue Doppler, 
TTE Only. 

A’STE = tricuspid annular velocity (diastolic, atrial) measured by speckle-tracking echocardiography, A’TDI = tricuspid 
annular velocity (diastolic, atrial) measured by tissue Doppler imaging, AP4C = apical 4-chamber view, E’STE = 
tricuspid annular velocity (diastolic, early) measured by speckle-tracking echocardiography, E’TDI = tricuspid annular 
velocity (diastolic, early) measured by tissue Doppler imaging, ME4C = midesophageal 4-chamber view, S’STE = 
tricuspid annular velocity (systolic) measured by speckle-tracking echocardiography, S’TDI = tricuspid annular velocity 
(systolic) measured by tissue Doppler imaging. The dotted line shows a line of perfect 1:1 correlation, while the solid 
line shows the regression line from the data. 

Source: own depiction. 

All three velocities correlated with one another with good to excellent model fit (S’STE=0.91S’TDI+0.60, 

P<0.001; r=0.79; E’STE=0.91E’TDI+0.84, P<0.001, r=0.69; A’STE=0.66STDI+3.63, P<0.001, r=0.73). Agreement 

was unbiased. 

Reproducibility of Speckle-Tracking-Based Measurements 

Table 4 - 1 shows intraobserver and interobserver reliability. 
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Table 4 - 1: Reproducibility of Measurements. 

Variable ICC, Interobserver ICC, Intraobserver 

Tissue Doppler-based velocities, AP4C   

     S’TDI, cm/s 0.95 (0.90-0.98) 0.99 (0.98-1.00) 

     E’TDI, cm/s 0.85 (0.65-0.93) 0.97 (0.93-0.99) 

     A’TDI, cm/s 0.87 (0.69-0.94) 0.99 (0.96-0.99) 

   

Speckle-tracking-based velocities, ME4C   

     S’STE, cm/s 0.73 (0.38-0.88) 0.78 (0.57-0.90) 

     E’STE, cm/s 0.72 (0.37-0.88) 0.57 (0.24-0.78) 

     A’STE, cm/s 0.14 (0.00-0.62) 0.78 (0.57-0.90) 

   

Speckle-tracking-based velocities, AP4C   

     S’STE, cm/s 0.83 (0.60-0.93) 0.93 (0.82-0.97) 

     E’STE, cm/s 0.72 (0.32-0.88) 0.50 (0.13-0.75) 

     A’STE, cm/s 0.71 (0.29-0.88) 0.57 (0.22-0.80) 

Conventional measures are shown in regular font, and novel measures in italics. <0.40 = poor, 0.40-0.59 = fair, 0.60-
0.74 = good, >0.74 = excellent. Interrater reliability calculated using a two-way random effect model, mean of k-raters 
and absolute agreement (ICC (3,k)). Intrarater reliability calculated with a two-way mixed effects model, mean of k 
measurements, and absolute agreement (ICC (2, 1)). 

 Intraobserver reliability involved image analysis, while interobserver reliability involved both image 

acquisition and analysis. S’TDI, E’TDI, and A’TDI all showed excellent intrarater reliability and interrater 

reliability. S’STE showed good to excellent reliability and E’STE showed fair to good reliability. While A’STE 

showed poor interobserver reliability and excellent interobserver reliability in the ME4C, these were good 

and fair in the AP4C.  
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Discussion 

In this study, we compared novel speckle-tracking-based tricuspid annular velocities measured in TEE to 

gold standard TDI-based velocities in TTE. This early analysis suggests that this is an accurate and reliable 

method for assessing S’STE and E’STE, but not A’STE.  

Modification of TAPSESTE Measurements 

Two recent publications have examined displacement of the tricuspid annulus by speckle-tracking. Both 

used the same software as in this study, but, unlike our study, used the apex as the reference point. As we 

performed a modification of this technique and as TAPSESTE is the basis of our velocity measurements, a 

brief summary is justified.  

Markin et al.22 examined post-induction TAPSEM-MODE in the AP4C and TAPSESTE in the ME4C in 112 patients. 

Images were acquired for 100 patients in a non-randomized manner by a single expert echocardiographer. 

TAPSESTE in the ME4C to show slightly longer (+1.5 mm) mean measurements than TAPSEM-MODE in the AP4C 

with good model fit (Pearson’s r=0.62). Agreement was not assessed. Interrater reproducibility of TAPSESTE 

in the ME4C showed a Pearson’s correlation coefficient of 0.80, although only 84 images could be assessed 

by the inexperienced reviewer.  

Shen et al. 23 compared post-induction TAPSESTE in the ME4C to awake, pre-induction TAPSEM-MODE in the 

AP4C of exams taken in the three months prior to surgery in 60 patients. Despite the important limitation 

imposed by the timing of measurements, they also found significant correlation between TAPSESTE in the 

ME4C and TAPSEM-MODE in the AP4C (slope=0.82, r=0.87) and good agreement in Bland-Altman plots (mean 

bias 2.4 mm; 95% LoA 2.6 mm).  

Our modified TAPSESTE measurements showed similar results as in the two previous studies. Our mean 

difference of TAPSESTE in the ME4C to the TAPSEM-MODE in the AP4C was 1.4 mm, nominally lower than those 

of the other two studies (1.5 mm and 2.4 mm). This may be due to decreased noise by immobilizing the 

reference point. We also showed a similar degree of correlation (slopes: 1.07, 0.82, and 0.79). Model fit 

was also similar to the Markin study (r=0.62 vs 0.56). Variability in our study was greater than in the Shen 

study, which we attribute to two echocardiographers acquiring and analyzing their own images in 

ventilated patients rather than one echocardiographer acquiring optimized images in the left lateral 

decubitus position of spontaneously breathing, cooperative patients.  

Speckle-Tracking-Based Velocities: Relevance of Findings 

The correlation of S’STE in TEE with S’TDI in the TTE is encouraging. The potential clinical relevance of these 

results – which could easily be made available on an echo machine for immediate analysis – are four-fold.  
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First, this method allows for quantification of right ventricular annular velocities in TEE, which would 

otherwise be unavailable or inaccurate. The use of TDI in the ME4C as well as other TEE views has 

repeatedly shown systematic underestimation of velocities.30-32 Furthermore, in the early postoperative 

phase, TEE images can almost always be attained and speckle-tracking velocities can be calculated, while 

an AP4C may be difficult to obtain in ventilated patients and/or after thoracic surgery. Second, unlike 

TAPSESTE, which is more dependent on loading conditions,8,12 this method also allows for the assessment 

of diastolic function and filling pressures of the right ventricle by E’STE. Although not relevant in all patients, 

this may be a major benefit in select populations. Third, the need to only visualize the tricuspid annulus’ 

motion relative to a post-processing fixed point may enable assessment in a number of situations in which 

the right ventricular free wall may only be partially or poorly visible (e.g. after previous thoracic surgery, 

post pump, aortic calcification, etc.). Additionally, as underscored by a complete lack of correlation using 

the apex as a reference point, the image may focus entirely on the lateral tricuspid annulus. Fourth, 

speckle-tracking-based measurement of tricuspid annular velocities can be determined from virtually any 

pre-existing 2D-cine loop of the ME4C (or the AP4C for that matter). As these are arguably the single most 

commonly acquired images in any TEE (or TTE) exam, this suggests that one could examine earlier images 

of patients who go on to develop right ventricular problems. It may also create a number of opportunities 

for large (retrospective) studies.  

Challenges and Image Optimization 

While S’ and E’ are clearly the more relevant tricuspid annular velocities, the lacking correlation of A’STE in 

the ME4C merits attention.  

We attribute this to three main factors. First, the commercial software used for measuring the 

displacement-time relationship uses a beat-by-beat analysis based on the R-to-R interval. Consequently, 

parts of the A-wave were sometimes prematurely truncated or attributed to the next beat, which adds 

variability. Secondly, as evident from the timing in the displacement curve in Figure 4 - 2, systole is almost 

twice as long and has almost twice as many frames (points) as early relaxation or three times as long as 

the atrial kick, yielding a more robust analysis. Particularly with a relatively low number of frames, a quickly 

and laterally moving tricuspid annulus in a 2D image may be more difficult to track in the ME4C than AP4C. 

Furthermore, the speckle-tracking and possible smoothing algorithms are not publicly known, are based 

on the AP4C of the left ventricle, and are known to show considerable intervendor variability.33 Taken 

together, a truncated A’ wave moving rapidly in only a few frames in the unfavorable lateral direction of 

2D echo images and analyzed by an unknown tracking/smoothing algorithms designed for the left ventricle 

in TTE may explain this difference. The improved correlation and agreement of speckle-tracking-based 

velocities in the AP4C along ultrasound beams (e.g. a longitudinal motion) with TDI measurements in the 

AP4C underscores this point.   
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As speckle-tracking analyses are based on 2D-cine loops, an optimization of these images is important. 

Although commonly cited as an angle-independent technology, a modest degree of angle-dependence 

may exist for speckle-tracking on the basis of the characteristics of the underlying 2D-cine loop.34,35 

Spatiotemporal resolution should be optimized by decreasing image depth and, particularly, sector width. 

Wider sectors lead to less robust tracking,36 which affects lateral motion more than axial motion. As our 

method shows that only the tricuspid annulus needs to be visualized, frame rate may be greatly increased 

by narrowing the sector and decreasing depth. Secondly, optimizing the focus increases the density of 

ultrasound beams and thereby the resolution of particularly lateral tracking.34 Third, the frequency of 

ultrasound probes in TEE is higher than in TTE, which increases near-field resolution at the cost of far field 

resolution. Fourth, acoustic shadowing (particularly from valvular structures) may decrease tracking 

quality, although at the annulus rather than free wall this may be less of an issue. It is worth emphasizing 

that our images and analyses were not optimized to focus on the tricuspid annulus, but rather to show the 

right ventricle and particularly the free wall in its entirety. A priori optimization may further increase the 

quality of speckle-tracking-based velocities and reduce the discrepancy we observe in A’STE.   

Strengths and Limitations of the Study 

This study has some important strengths in addition to its novel aspect and the potential resultant clinical 

relevance. First, we made speckle-tracking and conventional measurements in a randomized order of 

ME4C and AP4C views and under identical conditions. Secondly, both image acquisition and analyses were 

made by two independent assessors. Although this may increase variability compared to other studies, it 

mirrors clinical work: when asking another echocardiographer for their opinion (e.g. for potential 

paravalvular leakage) it is unlikely that this person will only examine previously acquired images. Third, in 

terms of design, we first validated the modified speckle-tracking-based displacement measures (TAPSESTE) 

comparing our results with other studies and then compared our novel derived velocities with the clinical 

TTE gold standard. Fourth, we also demonstrated that using a noisy apex in the far field as a reference 

point is not beneficial and its visualization superfluous. 

However, this study also has some limitations. First, it is an explorative secondary analysis of a small, but 

well-designed study, and the results require confirmation. The original study was designed to examine 

conventional and speckle-tracking-based measures of the right ventricular free wall and was not optimized 

for the tricuspid annulus. Nonetheless, this highlights that velocities can be obtained from virtually any 

previously acquired 2D-cine loop. Second, we included patients undergoing coronary artery bypass 

grafting or aortic valve replacement. Although sufficient for answering the research question posed, it 

would be interesting to confirm these results in larger and other populations (e.g. severely reduced EF, 

right ventricular hypertrophy, children, etc.). Third, our transformation of a modified TAPSESTE to S’STE, E’STE, 

and A’STE was self-made. However, our primary aim was to test accuracy and precision, and our results 
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underscore the need for a commercial solution, which could easily and quickly be made available on an 

echocardiography machine. True to this aim, we did not perform any type of smoothing, averaging, or 

other modification of velocities. Fourth, our reference point is somewhat arbitrary and other reference 

points may potentially also be used. Ideally, velocities could be measured frame to frame (much like 

velocity vectors available in some software), but for a comparison to TDI, which also uses a single fixed 

point (the transducer), our approach seems justified. Fifth, the increased measures of variation observed 

in this study and previous studies22 for speckle-tracking-based velocities and displacement (e.g. the 95% 

LoAs and ICCs) should be further examined. Given that the apex need not be visualized, zooming in on the 

tricuspid annulus only to improve resolution and frame rates, may be promising.  Finally, our novel 

approach is based on the hardware, software, algorithms, etc. used and may vary when using other 

material and vendors.  

In summary, tricuspid annular velocities (S’STE, E’STE) determined by speckle-tracking in TEE seem promising 

surrogates for velocities measured in TTE. Exploring both possible options for increasing precision of this 

unbiased speckle-tracking-based method as well as the correlation with clinical outcomes and patient 

management remain to be performed. Nonetheless, even at present, this novel technology enables 

unbiased assessment of systolic and diastolic velocities from any previously acquired 2D loops. 
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Supplemental Figure 4 - 1: Correlation and Agreement of the Tricuspid Annular Velocities by Speckle-Tracking in TEE 
and Tissue Doppler Imaging in TTE; apex as reference. 

Source: own depiction.  
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Assessing the Left Ventricle: Diastolic Function in TEE vs. TTE 
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Abstract 

Background: Assessing diastolic dysfunction is essential and should be part of every routine 

echocardiography examination. However, clinicians routinely observe lower mitral annular velocities by 

transesophageal echocardiography (TEE) under anesthesia than described by awake transthoracic 

echocardiography (TTE). It would be important to know whether this difference persists under constant 

loading conditions.  

We hypothesized that mean early diastolic mitral annular velocities measured with tissue Doppler imaging 

(TDI, E’TDI) would be different in the midesophageal 4-chamber (ME 4Ch) than in the apical 4-chamber (AP 

4Ch) view under unchanged or constant loading conditions. Secondarily, we examined 1) E’TDI in an 

alternative transesophageal view with presumed superior Doppler beam alignment, the deep transgastric 

view (DTG), compared to those in the AP 4Ch, and 2) early diastolic speckle-tracking-based strain rate 

(E’SR), in the ME 4Ch and in the AP 4Ch.  

Methods: 25 consecutive adult patients undergoing coronary artery bypass grafting or aortic valve 

replacement from 02/2017-07/2017 were included. Both TTE and TEE measurements were obtained under 

anesthesia in a randomized order in the AP 4Ch, ME 4Ch, and DTG views. Within-patient average E’TDI of 

the septal and lateral annulus in the AP 4Ch view was compared by paired t-test to those in the ME 4Ch 

view. Secondary endpoints were 1) average E’TDI in the DTG vs AP 4Ch and 2) speckle-tracking-based strain 

rate measurements in the AP 4Ch vs ME 4Ch views, both compared by paired t-tests with a Bonferroni 

adjustment. Boxplots, correlation, and agreement by Bland-Altman were examined for all three 

comparisons. E’TDI at the septal and lateral annulus was reported. A second echocardiographer 
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independently acquired and analysed images; images were reanalysed after four weeks. Image quality and 

reproducibility were also reported. 

 

Results: Averaged E’TDI measurements were lower in the ME 4Ch than in the AP 4Ch view (6.6±1.7 cm/s vs 

7.0±1.5 cm, respectively, P=0.028; within-patient difference mean±SD: 0.6±1.2 cm/s). An alternative TEE 

view for E’TDI, the DTG, also exhibited lower mean values (6.0±1.6 cm/s, P=0.006; within-patient difference 

mean±SD: 1.1±1.8 cm/s). E’SR strain rate showed a low degree of bias, but greater variability (0.87%±0.32% 

/s vs 0.73%±0.18% /s, P=0.078; within-patient difference mean±SD: -0.1%±0.2% /s). 

Conclusion: This study confirms that TEE modestly underestimates E’TDI but not to a clinically relevant 

extent. While E’TDI in the DTG is not a promising alternative, there may be a future role for speckle-tracking-

based strain rate.  

 

 

Key Points Summary:  

Question: Are angle-dependent TEE measurements of left ventricular diastolic velocities different from 

TTE gold standard measurements under constant loading conditions and, if not, can an alternative TEE 

view or an alternative technology provide more similar results? 

Findings: Under constant loading conditions, early mitral annular diastolic velocities measurements are 

modestly – but not clinically relevantly – lower in TEE than TTE; neither a deep transgastric view nor 

speckle-tracking-based strain rate seem better. 

Meaning: Angle-dependent measurements of diastolic velocities are slightly underestimated in TEE vs TTE, 

but not to a clinically relevant extent.   
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Introduction 

Diastolic heart failure accounts for nearly 50% of heart failure1,2 and is associated with increased mortality 

in both non-cardiac3,4 and cardiac surgery.5 Despite its clinical and perioperative relevance,5 current 

transesophageal echocardiography (TEE) guidelines and reviews fail to provide comprehensive guidance 

or recommendations on this topic.6-8 Similarly, current transthoracic echocardiography (TTE) guidelines for 

assessing diastolic function may not be applicable to the perioperative setting.9 Furthermore, as far as the 

measurements recommended in the TTE guidelines are concerned,9 it is difficult to accurately measure 

the left atrial volume in TEE, and alignment with a potentially existing tricuspid regurgitant jet may be 

challenging.  Consequently, Doppler-based mitral annular velocities play a central role in TEE approaches 

assessing diastolic function.5,10,11  

However, clinicians routinely observe that TDI velocities measured intraoperatively by TEE in the 

midesophageal 4-chamber view (ME 4Ch) are lower than those observed by TTE prior to surgery in the 

apical 4-chamber view (AP 4Ch). This underestimation has been quantified to be on the order of 15%.12 It 

would be of clinical importance to know whether early diastolic mitral annular velocities (E’TDI) measured 

with TEE are interchangeable with TTE measurements under constant loading conditions, as anesthetics, 

preoperative fasting, and positive pressure ventilation may also affect loading conditions and diastolic 

function.13,14 If – under constant loading conditions – there is a significant underestimation of mitral 

annular velocities when measuring by TEE in the ME 4Ch view, then measuring mitral annular velocities in 

another TEE view with presumed [better] beam alignment – namely the deep transgastric view (DTG) – 

may provide unbiased measurements. Additionally, while not strictly an alternative to tissue Doppler-

based mitral annular velocities, speckle-tracking-based measures of strain rate are increasingly being used 

to interrogate systolic and diastolic function15,16 and have been heralded as promising in assessing diastolic 

function.9 17 It would be interesting to examine comparability of early diastolic strain rate (E’SR) in the AP 

4Ch and ME 4Ch. 

In this study, we first hypothesized that mean averaged E’ of the septal and lateral mitral annulus 

measured with TDI (E’TDI) would be different in the ME 4Ch compared to those in the AP 4Ch under 

constant loading conditions. We secondarily explored whether another TEE view – namely the deep 

transgastric (DTG) TEE view – would provide unbiased measurements compared to those measured in the 

AP 4Ch. Finally, we compared speckle-tracking-based early diastolic strain rates (E’SR) in the AP 4Ch and 

ME 4Ch views. 
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Methods 

Study Design and Participants 

This study was approved by the institutional review board of Ghent University Hospital (2016/1550, 

January 10, 2017), and written informed consent was obtained from subjects participating in the trial. The 

trial was registered prior to patient enrolment at clinicaltrials.gov (NCT03088943, Principal investigator: 

Wouters/Mauermann, Date of registration: February 14, 2017). 

It is a single-center, prospective, randomized, comparative study based on a data set of standardized TEE 

and TTE images in anesthetized, mechanically ventilated patients. The data sets were acquired in 

consecutive adult patients undergoing coronary artery bypass grafting or aortic valve replacement from 

February 2017 to July 2017. Patients with irregular heart rhythms, severe mitral annular calcification, or 

mitral valve surgeries were not eligible. All patients provided written informed consent for their 

participation.  

Echocardiography: Image Acquisition and Measurements 

Anesthesia was induced with 3 µg/kg fentanyl, 2 mg/kg propofol, and 0.5 mg/kg rocuronium; maintenance 

of anesthesia was by sevoflurane titrated by electroencephalogram processing (NeuroWave, Cleveland, 

OH, USA). Patients were then randomized by a sealed envelope technique to undergo first a TTE and then 

TEE examination or vice versa; the order of TEE views was further randomized (i.e. first ME 4Ch and then 

DTG or vice versa).  

During a period of postinduction hemodynamic stability and prior to skin prep, images were acquired with 

the patients in supine position first by an EACTA echo-certified anesthesiologist and then independently 

again by a second EACTA echo-certified anesthesiologist. The rationale for two independent sets of 

acquired images was that this reflects true interrater reliability. All measurements were done off-line 

several days later with each echocardiographer measuring his own acquired images in blocks of five 

patients in order to reduce recall. One assessor (E.M.) repeated measurements of his own acquired images 

four weeks after completion of the study.   

We first acquired 2D-cine loops comprised of two beats in the AP 4Ch and ME 4Ch. These images were 

optimized for examining the left ventricular myocardium in its entirety. We then obtained spectral Doppler 

images of the septal and lateral mitral annular plane in the AP 4Ch, ME 4Ch, and DTG by placing a 5 mm 

sample volume at the both the lateral and septal mitral annular plane, as recommended.9 The DTG was 

attained by advancing and retroflexing the probe with minor leftward or rightward flexion at an omniplane 

angle of 0 to 20°. The goal of the view was to create an AP 4Ch-esque view with minimal LVOT visualization. 

All echocardiography images were acquired using a Philips iE33 echocardiography machine with 5-1 and 

X7-2 transducers (all Philips, Amsterdam, Netherlands).  
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TDI measurements of acquired images were made averaging three end-expiratory beats. Averaged early 

diastolic strain rate measurements of the septal and lateral basal segments (E’SR) were made off-line using 

the advanced Cardiac Motion Quantification App in QLAB 10.5. (Philips Healthcare, Andover, MA, USA). 

Figure 5 - 1 shows sample images and measurements. The rows show the imaging modalities used (2D 

image loops, TDI, speckle-tracking-based strain rate), while the columns show the three views used (ME 

4Ch, AP4Ch, DTG). The areas of interest are circled in orange. 

End Points and Analyses 

The primary endpoint was the average early diastolic mitral annular velocities of the septal and lateral 

annulus by TDI (E’TDI) in the AP 4Ch and ME 4Ch (e.g. (septal E’TDI + lateral E’TDI)/2 in the AP 4Ch vs (septal 

E’TDI + lateral E’TDI)/2 in the ME 4Ch). Secondary endpoints were: 1) E’TDI in a modified deep transgastric view 

(i.e. an alternative view for assessing mitral annular velocities with presumed superior Doppler beam 

alignment), and 2) the speckle-tracking-based averaged early diastolic strain rate (E’SR) in the ME 4Ch vs 

AP 4Ch (i.e. an alternative technology for assessing diastolic function in standard TEE and TTE views).  

Image quality was also examined along pre-defined criteria. For TDI measurements, high quality was 

defined as crisp, hollow curves, medium quality as filled-in curves with clearly distinguishable peaks, and 

low quality as any trace with non-clearly distinguishable peaks. For 2D image loops: high quality was 

defined as a non-foreshortened image as determined by a still apex and clearly demarcated, visualizable 

endocardial border, middle quality as images lacking one of the points of high quality, and low quality as 

images involving missing segments or smudged endocardial borders.  

Interobserver and intraobserver reliability were also examined for E’TDI and E’SR, with the second 

examination used solely for intraobserver reliability. 
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Figure 5 - 1: Comparison of Mitral Annular Velocities in Different Echocardiography Views. 

The top panels show loop images of the three views used (ME 4Ch, AP 4Ch, and DTG). The middle panels show septal 
and lateral TDI measurement with orange circles showing E’TDI. The bottom panels show speckle-tracking-based 
measurements of E’SR (orange circles).  

Source: own depiction. 

Statistical Analysis 

Potential differences in endpoints were examined by paired t-tests. For both secondary comparisons (E’TDI 

in the DTG vs AP 4Ch; E’SR in the ME 4Ch and AP 4Ch), a Bonferroni adjustment was made for two 

measurements. Histograms and a Shapiro test for a parametric distribution were inspected prior to 

analysis. Separate data for E’TDI at the septal and lateral annulus was presented. 

For visualization of data distribution, boxplots were made of the primary and two secondary analyses. 

Additionally, the strength of the linear relationship was examined by Pearson’s r. Finally agreement of 

measurements in the AP 4Ch and ME 4Ch was examined by a Bland-Altman plot with a 30% difference in 

measurements, i.e. TTE vs TEE for TDI and strain rate considered to be acceptable. All echocardiography 

measurements presented are the mean of each assessor’s first measurement; the repeat measurements 

by one assessor were only used for intraobserver reliability.  
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Possible differences in the quality of images were examined for each measurement modality by view by 

conducting a Pearson’s chi-squared test. Finally, interobserver and intraobserver reliability was quantified 

by intraclass correlation coefficients (ICC). Specifically, a two-way random-effects model, mean of k-raters, 

and absolute agreement for interrater reliability (ICC(2,k)) and two-way mixed effects, mean of k 

measurements, and absolute agreement (ICC(3,1))1 for intrarater reliability as defined by Shrout and Fleis18 

were used. ICCs were classified as poor (<0.40), fair (0.41-0.59), good (0.60-0.74), and excellent (>0.74).19 

The sample size of 25 patients was based on a power analysis to detect a 30% reduction for TEE measured 

early diastolic mitral annular velocity (E’) compared to awake, TTE means of 10 to 13 cm/s with standard 

deviations (SD) of 2.1 to 3.5 cm/s for individuals aged >60 years.9,11,20 A 30% reduction was considered to 

be clinically relevant. Specifically, it was based on a paired t-test with a power of 0.90, an alpha of 0.05, an 

expected difference of 3.1 cm/s and a SD=4 cm/s, replacing up to 25% of patients on account of 

insufficient/unattainable echo views.  

All analyses were conducted in R 3.5.2 (The R Foundation for Statistical Computing, Vienna, Austria).  

Results 

Descriptive Analysis 

In order to include 25 randomized patients, 32 eligible patients were screened (Figure 5 - 2).  

                                                           
1 The ICC examines how well measurements of the same group resemble each other. In a nutshell, for ICC (2,k), 
each patient’s measurements were made by the same k-raters (in this case EM and SB) with the agreement of 
the two raters in absolute terms or absolute numbers (i.e. the value of E’TDI by one rater vs. the value of E’TDI by 
the second rater) being of interest. For ICC (3,1), a single reviewer (E.M.) remeasured E’TDI with the focus being 
on consistency rather than absolute values. 
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Figure 5 - 2: Patient Inclusion, Randomization, and Available Data. 

Patients were allocated to one of four randomized orders of image acquisition from first to last: 1) AP4 Ch, ME 4Ch, 
DTG, 2) AP4 Ch, DTG, ME 4Ch, 3) ME 4Ch, DTG, AP4C, or 4) DTG, ME4 Ch, AP 4Ch. Both echocardiographers performed 
the same allocation (e.g. for the first allocation: AP 4Ch (E.M.), AP 4Ch (S.B.), ME 4Ch (E.M.), DTG (E.M.), ME 4Ch 
(S.B.), and DTG (S.B.)).  

Source: own depiction. 

Four patients had their surgery postponed, one patient declined to participate, and two patients could not 

be sufficiently informed about the study due to language problems. Of the included 25 patients, complete 

Doppler-based data was available for 24 of 25 patients (one had hemodynamically relevant new onset 

atrial fibrillation) and complete speckle-tracking-based data was available for 22 of 25 patients (as above; 

two further patients had an unreadable electrocardiogram as required for speckle-tracking analyses). All 

patients were analyzed as allocated. Table 5 - 1 shows patient characteristics. Hemodynamic data at the 

time of measurement showed no difference between TTE and TEE (systolic blood pressure 112±15 mmHg 

vs 109±13 mmHg, P=0.488; diastolic blood pressure 53±6 mmHg vs 55±7 mmHg, P=0.178; heart rate 63±11 
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vs 60±9, P=0.510). Most images were of high-quality for lateral TDI (111/150, 74%), septal TDI (128/150, 

85%) and 2D images (110/150, 73%), with no systematic differences in image quality by view. Full data is 

shown in Supplemental Table 5 - 1.  
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Table 5 - 1: Patient Characteristics. 

ID 

Age 

(y) Sex 

Weight 

(kg) 

Height 

(cm) Surgery  

Number 

of 

Bypasses PreopEF (%) 

Regional Wall 

Motion 

Abnormalities? 

1 57 M 93 186 CABG 3 Normal (≥55%) none 

2 74 M 116 174 CABG 2 Normal (≥55%) none 

3 72 F 59 154 CABG  3 

Slightly reduced 

(≥45%-54%) apical akinesia 

4 61 F 55 169 CABG  2 

Slightly reduced 

(≥45%-54%) 

inferior 

hypokinesia 

5 61 M 79 183 CABG  5 Normal (≥55%) none 

6 70 M 68 167 CABG 5 Normal (≥55%) none 

7 64 M 82 182 CABG 4 

Slightly reduced 

(≥45%-54%) 

anteroseptal 

hypokinesia 

8 69 M 65 165 CABG 3 

Slightly reduced 

(≥45%-54%) 

anterior and 

inferior 

hypokinesia 

9 56 M 106 176 CABG 3 Normal (≥55%) none 

10 76 M 71 173 CABG 4 Normal (≥55%) none 

11 67 M 69 167 CABG 4 Normal (≥55%) none 

12 71 F 54 153 CABG 1 Normal (≥55%) none 

13 50 M 84 170 CABG 4 Normal (≥55%) none 

14 60 M 106 176 CABG 4 Normal (≥55%) none 

15 74 M 80 179 AVR 0 

Slightly reduced 

(≥45%-54%) 

anterolateral 

hypokinesia 

16 75 M 89 178 CABG 4 Normal (≥55%) none 

17 78 M 75 167 CABG 4 

Reduced 

(≥35%-44%) 

inferoseptal 

hypokinesia 

18 55 M 71 166 AVR 0 Normal (≥55%) none 

19 78 M 79 167 CABG 2 Normal (≥55%) none 

20 81 M 83 173 CABG 3 Normal (≥55%) none 

21 70 M 75 168 CABG 3 Normal (≥55%) none 

22 70 M 71 162 CABG 3 Normal (≥55%) none 

23 80 M 93 172 AVR 0 Normal (≥55%) none 

24 77 F 56 146 CABG 3 

Slightly reduced 

(≥45%-54%) none 

25 75 M 61 166 CABG 5 

Reduced 

(≥35%-44%) 

inferolateral 

akinesia 
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Figure 5 - 3 shows early diastolic mitral annular velocities (average E’TDI of the septal and lateral annulus) 

in the AP 4Ch and ME 4Ch. While the within-patient mean difference in E’TDI in the ME 4Ch vs AP 4Ch was 

statistically significant, it was clinically modest (6.6±1.7 cm/s vs 7.0±1.5 cm/s; P=0.028; within-patient 

difference mean±SD: 0.6±1.2 cm/s). Furthermore, there was a strong linear correlation between AP 4Ch 

and ME 4Ch measurements (r=0.71 [95% CI: 0.43 to 0.86]). The Bland-Altman plot showed a mean bias of 

-0.6 cm/s (95% CI: -1.1 to -0.1cm/s) with limits of agreement (LoA) of -2.9 cm/s (95% CI: -3.8 to -2.1cm/s) 

to 1.8 cm/s (95% CI: 0.9-2.7cm/s). In 20/24 cases, the difference in velocities in the ME 4Ch – AP 4Ch was 

within 30% of the mean of both measurements (the grey cone; i.e. a 30% relative error). The ICC was 0.87 

(95% CI: 0.78-0.92, n=24) and 0.97 (95% CI: 0.95-0.98, n=24) for interrater and intraobserver reliability, 

respectively. 

 

Figure 5 - 3: Comparison of Early Diastolic Mitral Annular Velocities Measure with TTE and TEE. 

Shown are box plots with means ± SD (left panel), correlation with Pearson’s r (middle panel), and agreement of 
measurements by a Bland-Altman plot (right panel). Correlation, Pearson’s r, bias, and limits of agreement are based 
on the average data (black points), while the individual measurements are (grey points) are purely illustrative. 

Source: own depiction. 

Table 5 - 2 shows E’TDI measurements at the septal and lateral annulus individually as well as the composite 

ICCs for E’TDI measurements in all three views at the septal and lateral annulus, respectively. 
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Table 5 - 2: Table of Lateral and Septal Measurements, Including Reproducibility. 

Variable AP 4Ch 

(mean±SD) 

ME 4Ch 

(mean±SD) 

DTG 

(mean±SD) 

ICC, Interobserver ICC,  

Intraobserver 

E’TDI, lateral 8.1±2.0 7.4±2.2 7.6±2.2 0.79 (0.66-0.87) 0.96 (0.94-0.98) 

E’TDI, septal 5.9±1.5 5.7±1.6 4.3±1.4 0.81 (0.66-0.89) 0.96 (0.94-0.98) 

<0.40 = poor, 0.40-0.59 = fair, 0.60-0.74 = good, >0.74 = excellent. n=24 for all values. Parentheses indicate the 95% 
confidence intervals. The ICC quantify the composite correlation of either the lateral or septal annulus for all three 
views; the first of each of the 2 assessor’s measurements was used for the interobserver ICC and 2 measurements of 
one assessor were used for the intraobserver ICC.   

 

Figure 5 - 4: Comparison of Left Ventricular Early Diastolic Strain Rates in Different Echocardiography View. 

The top half of the figure shows early diastolic mitral annular velocities in the DTG and AP 4Ch, while the bottom half 
shows early diastolic strain rates in the ME 4Ch and AP 4Ch. Shown are boxplots with means ± SD (left panels), 
correlation with Pearson’s r (middle panels), and agreement of measurements by a Bland-Altman plot (right panels). 
Correlation, Pearson’s r, bias, and limits of agreement are based on the average data (black points), while the 
individual measurements are (grey points) are purely illustrative.  

Source: own depiction. 
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Figure 5 - 4 shows the two alternative approaches. In the top panels, measurements of E’TDI are shown in 

the DTG and AP 4Ch. E’TDI in the DTG was lower than in the AP 4Ch (6.0±1.6 cm/s, vs 7.0±1.5 cm/s; P=0.006; 

within-patient difference mean±SD: 1.1±1.8 cm/s). We did not find a significant linear correlation between 

AP 4Ch and DTG measurements (r=0.39 [95% CI: -0.05 to 0.68]). The Bland-Altman plot showed a mean 

bias of -1.1 cm/s (95% CI: -1.9 to -0.4 cm/s) with LoA = -4.5 cm/s (95% CI: -5.9 to -3.3 cm/s) to 2.3 cm/s 

(95% CI: 1.0 to 3.6 cm/s). In 7/24 cases, the difference in velocities in the DTG – AP 4Ch was greater than 

30% of the mean of both measurements (i.e. outside of the grey cone). In the bottom panels, E’SR measured 

with speckle-tracking are shown for the ME 4Ch and AP 4Ch. No statistically significant difference in means 

was found (0.9±0.3 cm/s vs 0.7±0.2 cm/s; P=0.078; within-patient difference mean±SD: -0.1±0.2% /s). 

Pearson correlation between the ME 4Ch and AP 4Ch was estimated as 0.60 (95% CI: 0.24 to 0.82). The 

Bland-Altman plot showed a mean bias of 0.10 % /s (95% CI: -0.01 to 0.21% /s), with 95% LoA = -0.39% /s 

(95% CI: -0.57 to -0.20% /s) to 0.58% /s (95% CI: 0.39 to 0.77% /s). In 17/22 cases, the difference in 

velocities in the ME 4Ch – AP 4Ch was within 30% of the mean of both measurements (the grey cone; i.e. 

a 30% relative error). The composite ICC for global early diastolic strain rate in the AP 4Ch and ME 4Ch was 

0.75 (95% CI: 0.60 – 0.84, n=22) and 0.64 (95% CI: 0.47 – 0.76, n=22) for the interobserver and 

intraobserver reliability, respectively. 

 

Discussion 

This study shows that E’TDI measured with TEE is statistically significantly, but likely not clinically relevantly, 

different from E’TDI measured with TTE in anesthetized, ventilated patients undergoing cardiac surgery. 

Furthermore, in regards to the secondary outcomes, E’TDI was lower in the DTG and E’SR showed a low 

degree of bias, but was rather imprecise. Therefore, we suggest that clinicians should continue using E’TDI 

in the ME 4Ch.  

Previous Studies Examining Mitral Annular Velocities and the Novelty of Our Study: 

A few studies (Table 5 - 3) have compared tissue Doppler-based measurements of mitral annular velocities 

between TTE and TEE.  
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Table 5 - 3: Overview of Previous Studies. 

Author/ 

Year 

Conditions Patients Measurements in TTE 

and TEE 

Agreement & 

Reliability 

Aksakal 

2012 

TTE: awake (AP 

4Ch) 

TEE: awake (ME 

4Ch)  

 

n=35 undergoing 

TEE for PFO. 

Otherwise 

healthy 

Age 46±14 

EF 71.5%±7.1% 

E’LAT 12±2 cm/s vs 10±3 

cm/s (P=0.06) 

 

Bland-Altman 

agreement 

TTE&TEE:  

E’ LAT: bias 2 cm/s 

(LoA = -4 to 6 cm/s)  

 

Sevimli 

2007 

TTE: awake (AP 

4Ch) 

TEE: awake (ME 

4Ch) 

n=19 undergoing 

TEE for 

mechanical valve 

function (n=9), 

ASD (n=4), 

endocarditis 

(n=2) 

Age 41±17 

EF 66±8 

E’LAT 119±58 cm/s vs 

114±56 cm/s (P=ns) a 

 

E’SEPT 79±26 cm/s vs 

76±25 cm/s (P=ns) 

Bland-Altman 

agreement 

TTE&TEE:  

E’ LAT: bias 4.9 cm/s 

(LoA -24 to 34 cm/s)  

 

E’ SEPT: bias 3.8 cm/s 

(LoA = -13.8 to 21.5 

cm/s)  

Nilsson 

2006 

TTE: awake (AP 

4Ch) 

TEE: end of 

anesthesia 

w/spontaneous 

breathing at higher 

pCO2 (ME 4Ch) 

n=24 undergoing 

non-cardiac 

surgery and 

without heart 

disease. 

 

E’LAT 10.0±3.0 cm/s vs 

6.3±1.7 cm/s (P<0.001) 

E’SEPT 7.7±2.6 cm/s vs 

6.4±1.6 cm/s (P<0.01) 

Raw percentage 

differences: 

E’LAT: 36.8% 

 

E’SEPT 17.2% 

Simmons 

2002 

TTE: postinduction  

(AP 4Ch) 

TEE: postinduction, 

open chest & open 

pericardium (ME 

4Ch) 

n=22 undergoing 

cardiac surgery 

(n=13 for mid-

septal 

measurements) 

Age 64±7 

E’MID-SEPT 3.3±1.4 cm/s vs 

3.1s±0.9 cm/s (P=ns)  

 

 

Interobserver 

coefficient of 

variation 

Early diastolic 

velocities TTE 5.1, 

TEE 8.2 

a Values as published.  
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In an early and novel feasibility study, Simmons et al.21 explored color flow TDI measurements in TEE at 

various times during cardiac surgery and compared these to TTE measurements made both before 

anesthesia as well as after induction. They found no statistical difference in baseline diastolic velocities at 

the middle of the septum of postinduction TTE and baseline TEE measurements. However, this lack of 

significance may be due to a small sample size of septal measures (n=13), as well as measurement at the 

middle of the septum, where differences are smaller than at the base. Believing that angulation may be 

an important issue in TEE, Nilsson et al12 examined 24 patients without heart disease undergoing 

(unspecified) non-cardiac surgery. TTE images were obtained prior to induction in awake patients and TEE 

images were made at the end of surgery while still anesthetized but spontaneously breathing. They found 

TTE measurements of velocities to be higher than in TEE, particularly at the lateral annulus. However, it 

remains uncertain to what extent this decrease was due to anesthesia/ventilation and/or changes in fluid 

state before and after surgery. Sevimli et al.22 examined 19 awake patients with TEE and found no 

significant differences in velocities at the lateral, septal, or anterior positions while the posterior annulus 

proved unreliable. However, examining mitral annular velocities in awake, spontaneously breathing 

patients - of whom a majority had a mechanical mitral valve - seems a significant limitation in extending 

these results to native mitral valves during anesthesia and ventilation. Aksakal et al.23 examined 35 

patients undergoing TEE for a potential patent foramen ovale. While, they found good agreement in E’, 

measurements were made solely at the lateral annulus and measurements were made in young, non-

anesthetized, spontaneously breathing healthy patients in the left lateral decubitus position. 

Our study was novel in a number of ways. First, patients with acquired cardiac disease amenable for 

surgical treatment, rather than healthy individuals, were examined in an intraoperative setting (e.g. 

anesthetized and mechanically ventilated). This may explain why our observed annular velocities are lower 

than in awake patients of other studies or the reference values.9  Second, the order of TTE and TEE images 

was randomized in a constant loading state, in order to improve comparability of measurements. Despite 

measuring in periods of hemodynamic stability, induction of anesthesia is dynamic and a fixed order of 

measurements across all patients (e.g. TTE prior to TEE) may have led to a degree of bias. Third, two 

complete sets of images were acquired by two echocardiographers, with each echocardiographer 

analysing their own images, while previous studies had two echocardiographers analyse a common image. 

Clearly, image acquisition is an integral part of measurements and excluding this variability leads to higher 

reproducibility but reflects clinical reality to a lesser extent. Nonetheless, our true measure of clinical 

reliability, was good to excellent for most measures. Fourth, two possible alternative solutions to 

circumvent the possible problem of potential Doppler beam misalignment in the ME 4Ch were examined: 

the use of (1) a DTG for Doppler-based measurements (i.e. presumably reducing misalignment) and (2) 
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speckle-tracking-based early longitudinal strain rate in the ME 4Ch (i.e. an alternative technology not 

related to Doppler). 

Clinical Relevance of Findings 

Despite efforts to simplify categorizing of diastolic function, even simple measurements of annular velocity 

remain complex,9 particularly with TEE and particularly in anesthetized, mechanically ventilated patients. 

Furthermore, measurements by TEE in such a state may at best reflect echo-based values of diastolic 

function, rather than clinical diastolic dysfunction per se. Undeniably, there are also a number of important 

differences in the settings in which preoperative TTE and perioperative TEE are commonly performed. As 

one example, while E/E’ measured in TTE correlates with pulmonary capillary wedge pressure,24,25 this 

relationship is less certain when it concerns TEE.26 It is not surprising that the TTE guidelines for 

determination of diastolic function clearly state that they may not be applicable to the perioperative 

period9 and a number of algorithms for TEE have been suggested.5,10,11 In a survey of 515 cardiovascular 

anesthesiologists, 85% of respondents stated they would change management if they believed diastolic 

dysfunction to be present.27  Clearly, this is an important perioperative issue. Although we did not evaluate 

clinical outcomes, our study has clinical relevance.  

First, it suggests that although there is a modest degree of underestimation in the ME 4Ch, E’TDI – a core 

entity in algorithms of diastolic function – seems a clinically useful measurement in TEE. 

Secondly, this study also suggests that the clinical relevance of the DTG for assessing annular velocities is 

limited. This may be due to a slightly different visualized portion of the mitral annulus or out-of-plane 

misalignment. Furthermore, and more importantly, given the modest, clinically not relevant difference in 

annular velocities in the ME 4Ch, seeking out alternative views (e.g. the DTG) or technologies (e.g. E’SR) 

may not be needed.  

Thirdly, while speckle-tracking-based strain rate has been heralded as promising for assessing diastolic 

function in TTE,9 17 this study found the ME 4Ch to offer unbiased, but rather imprecise measures of E’SR. 

To the best of our knowledge, no previous studies have compared early relaxation by strain rate between 

TTE and TEE. E’SR was not significantly higher measured with TEE vs TTE and correlation was good (0.60), 

suggesting its usefulness in cases in which TDI-based measurements are not available (simply forgotten, 

of interest later, retrospective studies, etc.). Another possible benefit of E’SR may be a more global 

measurement of diastolic function (at least in the visualized plane), possibly less affected by regional wall 

motion abnormalities.  Although examining systolic strain and not diastolic strain rates, Marcucci et al.28 

found slightly higher measures in TEE than TTE, possibly suggesting that there may indeed be a difference 

in diastolic strain rates as well, which were not observed in this study, potentially due to our sample size. 
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Potential overestimation of strain rate with TEE may be related to the use of software developed for TTE 

or due to differences in image acquisition in TTE and TEE (i.e. frequency, spatiotemporal resolution, etc.). 

Study Limitations 

Despite a number of strengths and novel aspects, this study also had some relevant limitations. First, 

although the study sample size seems limited, it is on par with previous studies and specifically examines 

patients with cardiac disease, in whom assessment of diastolic LV function might be of greater interest. 

While assessment of diastolic function is more important in cardiac patients than in healthy volunteers, 

cardiac patients’ main pathologies must be considered to understand the limitations of measurements 

(regional wall motion abnormalities in coronary artery disease, difficulty in interpreting mitral annular and 

transmitral velocities in patients with severe AR, MR, etc.). Second, our study population was both 

homogenous in focussing on cardiac surgery patients with a mainly preserved or slightly reduced EF and 

heterogeneous in that different coronary arteries were affected and there was a different distribution of 

wall motion abnormalities. However, both CABG and aortic valve surgery are the most common types of 

surgery, regional wall motion abnormalities are inherent to many CABG patients, and these patients 

require assessment of diastolic function as well. Third, one must bear in mind, that the study was powered 

for the primary endpoint (E’TDI) and not the secondary endpoints. Relatedly, it was not powered for lateral 

E’TDI, arguable the clinically most commonly used measurement of annular velocity. Our aim, rather, was 

to examine the systematic underestimation of annular velocities per se (hence an average of the two most 

commonly used locations) rather than focus on a specific location of the mitral annulus.  Similarly, TTE and 

TEE do not offer interchangeable imaging planes, and basal segments are likely to be somewhat different. 

Fourth, a systematic examination of in-plane misalignment, out-of-plane misalignment, and 3D motion 

was not performed; rather our goal was to examine clinically used imaging planes.  Fifth, other markers of 

diastolic dysfunction such as left atrial volume or tricuspid regurgitation were not examined. However, 

some TEE algorithms do not use these measurements,5 preoperative TTE volumes may not be available,10 

and tricuspid regurgitation may not always be measureable or measured with adequate alignment in TEE 

examinations. Furthermore, E’ is quickly and reproducibly measured and is less load dependent than 

conventional Doppler parameters in both patients with normal and reduced EF,9 something that may be 

of great value in the dynamic perioperative period. Nonetheless, these measurements are isolated and 

should be integrated with other measurements in assessing diastolic dysfunction,9 which may be 

particularly difficult in anesthetized, ventilated patients. Finally, TTE and TEE measurements were not 

made simultaneously. Nonetheless, constant loading conditions were established through randomization, 

thus, removing the confounding of loading conditions vs time (as may have been the case in sequential 

measurements without randomization). 
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Conclusion:  

In summary, E’TDI  - a pillar in assessing diastolic function – is only modestly underestimated in TEE but not 

to a clinically relevant extent. This justifies its utility with TEE. While an alternative TEE view (DTG) does 

not seem promising, further studies are needed regarding speckle-tracking-based early diastolic strain rate 

(E’SR). 
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Supplemental Table 5 - 1: Quality of Images and Assessment of Differences by View and Assessor. 

Measurement Quality of Images Global P 

(Views) 

Global P 

(Assessor) High Middle Low NA 

E’TDI, Lateral     

0.177 0.001 

 AP 4Ch 32 16 0 2 

 ME 4Ch 40 10 0 0 

 DTG 39 9 0 2 

 Sum 111 35 0 4 

     

E’TDI, Septal     

0.299 0.070 

 AP 4Ch 41 7 0 2 

 ME 4Ch 47 3 0 0 

 DTG 40 7 1 2 

 Sum 128 17 1 4 

     

2D Image Loop     

0.405 0.092 

 AP 4Ch 32 12 0 6 

 ME 4Ch 38 12 0 0 

 DTG 40 8 0 2 

 Sum 110 32 0 4 

     

P-values show chi-squared tests for high and middle quality images, as only very few low quality and NAs exist. These 
were examined by view (e.g. was there a difference in the distribution of high and middle quality images in the AP 
4Ch, ME 4Ch, and DTG view) and by assessor (e.g. was there a difference in the distribution of high and middle quality 
images between the two assessors). 
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CHAPTER 6: Systolic and Diastolic Function of the Left Ventricle in Point-of-Care 

Ultrasound: a Novel Use of Speckle-Tracking  
 

 

Rapid, Single-View Speckle-Tracking-Based Method for Examining Left 

Ventricular Systolic and Diastolic Function in Point-of-Care Ultrasound 

Eckhard Mauermann, MD, MSc; Stefaan Bouchez, MD; Thierry Bove, MD, PhD; 

Michael Vandenheuvel, MD; Patrick Wouters, MD, PhD 

J Ultrasound Med. 2020 May 19. doi: 10.1002/jum.15324. Online ahead of print. 

 

Abstract 

Objectives: Rapid, reliable quantitative assessment of left ventricular systolic and diastolic function is 

important for patient management in urgent and dynamic settings. Quantification of annular velocities 

based on a single 2D image loop – rather than on Doppler velocities – could be useful in point-of-care or 

focused cardiac ultrasound (FoCUS). We hypothesized that novel speckle-tracking-based mitral annular 

velocities would correlate with gold standard tissue Doppler (TDI) velocities in a FoCUS-esque setting. 

Methods: Two echocardiographers each performed transthoracic echocardiography measurements 

before and after induction of anesthesia in supine patients undergoing cardiac surgery. Speckle-tracking-

based systolic (S’STE) and diastolic (E’ STE, A’ STE) velocities were compared to TDI measurements and global 

longitudinal strain/strain rate. We also compared mitral annular displacement by speckle-tracking with M-

mode. 

Results: Twenty-five patients were included an examined in both preinduction and postinduction states. 

Speckle-tracking-based velocities correlated with TDI measurements in both states (for S’ r=0.73 and 0.76, 

E’ r=0.87 and 0.65, and A’ r=0.65 and r=0.73), showing a mean bias 25-30% of gold standard measurement. 

Correlation of S’STE with strain and strain rate (S-wave) and E’STE with strain rate (E-wave) was good in 

awake, spontaneously breathing patients, but was less strong in the ventilated state. Similarly, 

displacement by speckle-tracking correlated with M-mode measurements in both states (r=0.91 and 
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r=0.84). Measurements required a median 31 and 34 seconds; reproducibility was acceptable for S’STE and 

E’STE. 

Conclusions: Speckle-tracking-based mitral annular velocities and displacement correlate well with 

conventional measures as well as with deformation imaging. They may be clinically useful in rapidly 

assessing both systolic and diastolic function from a single 2D image loop.   

Keywords: Left ventricular function, Point-of-care ultrasound, Speckle-tracking echocardiography 
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Introduction 

Limited or focused cardiac assessment by ultrasound (FoCUS) is increasingly being used in the emergency 

room, on the intensive care ward, in the perioperative period, and in other high-stress, time-sensitive 

environments by clinicians not extensively trained in transthoracic echocardiography (TTE).1-3 It reliably 

enables clinicians to find previously undiagnosed pathologies,4,5 incrementally adds relevant clinical 

information,3,4,6-8 and improves bedside physical examination.9-12 Particularly for the rapid assessment of 

left ventricular function, a core competency in echocardiography, FoCUS enables non-TTE trained 

professionals to reliably assess and manage LV function.13-19 Furthermore, this qualitative assessment has 

been shown to correlate with comprehensive TTE exam results for LV systolic function.3,7,10,20-26   

As more and more clinicians reach for portable and affordable ultrasound devices as our “modern 

stethoscope,”27-29 it would be important to also quantitatively aid non-TTE trained individuals in decision-

making. However, a stressful, time-sensitive clinical setting, a possible lack of expertise of the clinician, 

and simplified hardware without M-mode or Doppler in many hand-held devices,30 pose great challenges 

in FoCUS. A quick and simple quantification of systolic and diastolic function based on a single 2D image 

loop could be of great importance in determining the future direction of care. 

With speckle-tracking echocardiography, a software-based technology has emerged that quantifies 

myocardial deformation on the basis of 2D image loops.31 In particular, speckle-tracking-based 

measurements of longitudinal annular motion of the left32-41 or even right ventricle34,3542 seem promising. 

However, many speckle-tracking-based measures require a clear visualization of the endocardial border, 

and image quality is a main factor limiting its utility.43 44 Unlike global strain or strain rate, displacement of 

the mitral annulus by speckle-tracking is rapid33,38 and does not require superb images.33,35  

Recently, we published a novel speckle-tracking-based method for assessing tricuspid annular velocities in 

anesthetized ventilated patients.42 The use of speckle-tracking-based annular velocities may be interesting 

in the dynamic FoCUS setting for a number of reasons: 1) velocities are less load dependent than 

displacement,45,46 2) velocities enable assessment of diastolic function,47 and 3) speckle-tracking-based 

motion of the annulus does not require optimal images of the endocardial border, which may be difficult 

to acquire in stressful situations with agitated or ventilated patients. We now wondered whether or not 

this method could also be used for rapidly and reliably quantifying systolic and diastolic mitral annular 

velocities by TTE.  

In this analysis, we compared novel speckle-tracking-based mitral annular velocities with gold standard 

conventional measures in supine patients both in awake and in anesthetized, ventilated states. 

Specifically, we hypothesized that speckle-tracking-based displacement and velocities (MAPSESTE; S’STE, 

E’STE, and A’STE) would correlate with gold-standard measurements by M-mode and tissue Doppler 
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(MAPSEM-MODE; S’TDI, E’TDI, and A’TDI). We also correlated annular velocities with global measurements of 

strain and strain rate.  

Methods 

Study Design, Participants, and End-Points  

This explorative analysis is based on a high-quality dataset of randomized and standardized echo views 

obtained in consecutive adult patients undergoing coronary artery bypass grafting or aortic valve 

replacement from February 2017 to July 2017 at a university hospital. All patients provided written consent 

for study enrolment, and this study was approved of by the local ethical committee (institutional review 

board of Ghent University Hospital; 2016/1550, January 10, 2017). The main study compared LV and RV 

function in TTE and various TEE views. Exclusion criteria were mitral or tricuspid valve surgery, severe 

annular calcification, and irregular heart rhythms. The original study was both approved by an institutional 

review board and registered prior to patient enrolment at clinicaltrials.gov (NCT03088943, Patrick 

Wouters, date of registration: February 14, 2017). 

The primary endpoint of this study was systolic mitral annular plane velocity by speckle-tracking (S’STE), 

which we compared to our reference standard, S’ by TDI (S’TDI ). Secondary outcomes were E’STE and A’STE, 

which we analogously compared to E’TDI and A’TDI. As velocity measurements were derived from 

commercially available displacement measurements, we also compared displacement by speckle-tracking 

(MAPSESTE) to displacement by M-mode (MAPSEM-MODE). Finally, we also examined the correlation of 

speckle-tracking-based annular velocities with global speckle-tracking-based parameters of longitudinal 

cardiac function: S’STE with peak global longitudinal strain and strain rate (S-wave) and E’STE with strain rate 

(E-Wave). All measurements were made in the apical 4-chamber TTE view in two different states: 

spontaneously breathing prior to cardiac surgery (preAP4C) and after induction of anesthesia and positive 

pressure ventilation (postAP4C). In order to validate the modified measurement method of MAPSE by 

speckle-tracking (MAPSESTE) from which velocities were calculated, we also compared MAPSESTE to 

MAPSEM-MODE. Values presented here are the mean values for the septal and lateral annulus. 

Echocardiography Image Acquisition and Analysis 

Upon arrival in the operating room and prior to induction, two echocardiographers each performed a 

limited TTE exam comprised of an AP4C image loop for speckle-tracking-based analyses, as well as septal 

and lateral S’TDI , E’TDI , A’TDI, and MAPSEM-MODE as the conventional gold standard. Following induction by 2 

mg/kg propofol, 2-3 µg/kg fentanyl, 0.5 mg/kg rocuronium, and sevoflurane maintenance, the same two 

echocardiographers again each performed the same exam. Patients were ventilated with tidals of 6-8 

ml/kg BW and 5 cmH2O PEEP. All images were acquired in the supine position in end-expiratory apnea 

using a Philips iE33 ultrasound machine, a S5-1 (TTE) transducer (both Philips, Amsterdam, Netherlands).  
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Images were analyzed postoperatively with each echocardiographer examining the images they 

themselves had acquired. Specifically, S’TDI , E’TDI , A’TDI, and MAPSEM-MODE in the AP4C was measured as the 

mean value of three consecutive beats. Speckle-tracking-based measures of S’STE, E’STE, and A’STE were 

obtained in a two-step process. In a first step, displacement measurements of MAPSESTE were made using 

a commercially available software QLAB 10.5 (Tissue Motion Annular Displacement, Philips Healthcare, 

Andover, MA, USA). Briefly, this software asks the user to place three points: two at the mitral annulus 

and one at an (apical) reference point. The distance from each the lateral and septal mitral annulus to the 

reference point are then measured frame by frame, the result being a displacement-time curve with the 

contours of an M-mode measurement of MAPSE. As described in detail and validated elsewhere,42 we 

used a fixed point collinear with the movement of the annulus (at site of the transducer) rather than the 

apex of the heart as the reference point. In the second step, we then exported the displacement-time data 

from QLAB into R 3.4.3 (The R Foundation for Statistical Computing, Vienna, Austria), plotting both the 

original displacement-time curve as well as its first derivative, i.e. the velocity-time curve. Values for the 

mitral annular velocities and displacement were generated automatically in R and visually confirmed. 

Figure 6 - 1 illustrates this process and compares conventional measures of displacement and velocity 

made by multiple modalities (top) and speckle-tracking-based measures of displacement and velocity 

(bottom).  
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Figure 6 - 1:  Comparison of Conventional and Novel Speckle-Tracking-Based Measurements of Annular Displacement 
and Velocities. 

TOP: in addition to 2D loops, M-mode, and TDI are used at both the lateral and septal annulus to quantify longitudinal 
movement. BOTTOM: The mitral annulus of a 2D loop is tracked by a commercially available software (QLAB, TMAD). 
These displacement-time curves are then exported into R and the first derivative taken (bottom right plot). MAD = 
mitral annular displacement (aka MAPSE); S’, E’, A’ = systolic, early, and late (atrial) annular velocities.  

Source: own depiction. 

All analyses in all patients were repeated by the second echocardiographer after 4 weeks. In a random 

subset of 10 patients, we also measured the time required to generate the displacement-time curve using 

QLAB. As velocities could be made commercially available at the click of a button, this time is identical.  

Statistical Analysis 

The study’s primary endpoint (S’STE) and secondary endpoints (E’STE, A’STE, MAPSESTE) were compared to 

their respective reference standards (S’TDI, E’TDI, A’TDI, and MAPSEMMODE) as follows: plotting correlation by 

linear regression by least squares method with P values and Pearson’s correlation coefficient, by a 

Wilcoxon signed-rank test, and by Bland-Altman statistics. A Bonferroni P was made for multiple testing in 

both the preAP4C and postAP4C for the primary outcome (S’STE vs. S’TDI). As an explorative study, P values 

for secondary outcomes were not performed, as has been suggested for explorative studies.48 The 

correlation of velocities (S’STE and E’STE) with global longitudinal strain and strain rate was analogously made 
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by plotting correlation by linear regression by least squares method with P values and Pearson’s 

correlation coefficient. 

We assessed both interrater and intrarater reliability by interclass correlation coefficients (ICCs). 

Specifically, we used a two-way random-effect model, mean of k raters, and absolute agreement for 

interrater reliability (ICC(2,k)), and two-way mixed effects, mean of k measurements, and absolute 

agreement (ICC(3,1)) for intrarater reliability as defined by Shrout and Fleiss.49 Interobserver reliability 

involved independent image acquisition and analysis, while intraobserver reliability involved a re-analysis 

of images already acquired by that assessor 4 weeks after initial measurements. We classified ICCs as poor 

(<0.40), fair (0.41-0.59), good (0.60 – 0.74), and excellent (>0.74).50 

Summary statistics for all endpoints are based on the mean patient measurement (e.g. n=25) of both 

assessor’s first measurement. All statistics are presented separately for both conditions (preAP4C and post 

AP4C). As an explorative analysis, the sample size determined by the size of the original data set 

(clinicaltrials.gov NCT03088943). All analyses were conducted in R 3.4.3.   
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Results 

Analysis of Echocardiographic Parameters 

Figure 6 - 2 shows a flow diagram of patient inclusion.  

 

Figure 6 - 2: Flow Chart of Included Patients, Measurements, and States. 

Source: own depiction. 

In the awake, spontaneously breathing state, data was complete for both speckle-tracking-based (25/25) 

and conventional measurements (25/25). After induction, data was complete for all conventional 

measurements (25/25) and complete in 22/25 cases for speckle-tracking-based measurements. Loops 

were available in the three “missing” cases, but a poor quality ECG precluded software analysis. Patients 

had a mean age of 69 (SD=11 years), and were 72% male. Twenty-two of the 25 patients underwent CABG 

surgery with the remaining 3 undergoing aortic valve surgeries. 
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Figure 6 - 3: Speckle-Tracking-Based Velocities and Displacement Compared to Conventional Measurements. 

A’STE = late (atrial) diastolic velocity measured by speckle-tracking, A’TDI = late (atrial) diastolic velocity measured by 
tissue Doppler, E’STE = early diastolic velocity measured by speckle-tracking, E’TDI = early diastolic velocity measured by 
tissue Doppler, MAPSEM-MODE = mitral annular plane systolic excursion by M-mode, MAPSESTE = mitral annular plane 
systolic excursion by speckle-tracking, S’STE = systolic annular velocity measured by speckle-tracking, S’TDI = systolic 
annular velocity measured by tissue Doppler.  

Source: own depiction. 

Figure 6 - 3 shows significant correlation between average displacement and velocities by speckle-tracking 

compared to conventional measurements by M-mode and TDI. 

S’STE correlated with S’TDI in both the awake, spontaneously breathing state as well as in the anesthetized, 

ventilated state (preAP4C: r=0.73; P<0.001; postAP4C: r=0.76; P<0.001). Similar values were obtained for 

MAPSESTE, E’STE, and A’STE. Pearson’s correlation coefficients were good to excellent for displacement as 

well as S’, E’, and A’ velocities. For S’, S’STE underestimated S’TDI significantly by some 30% in both the 

preAP4C (5.5 cm/s [4.6 to 6.4 cm/s] vs 7.6 cm/s [6.8 to 9.1 cm/s], P<0.001) and the post AP4C (5.2 cm/s 

[4.5 to 6.0 cm/s] vs 6.8cm/s [6.2 to 8.1 cm/s], P<0.001). Similar underestimation was found for MAPSESTE, 
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E’STE, and A’STE. Using the apex as a reference point rather than the position of the transducer did not 

greatly impact the results for the pre AP4C or postAP4C (Supplemental Figure 6 - 1).  

However, displacement and velocity was clearly underestimated by the speckle-tracking-based approach 

as evident in Table 6 - 1. 
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Table 6 - 1: Comparison of Systolic and Diastolic Mitral Annular Velocities by Speckle-Tracking and Conventional 
Technologies. 

Technology Preinduction AP4C 

STE 

Comparator 

Conventional 

Reference 

STE Median  

[Q1 to Q3]  

REF Median  

[Q1 to Q3] 
P-value 

Mean  

bias 
95% LoA 

Mean bias 

as % of Ref 

MAPSESTE, 

av. 

MAPSEM-MODE, 

av. 10.3 [8.5 to 12.4] 13.1 [11.5 to 14.7] <0.001 2.4 0.1 to 4.8 18% 

S’STE, av. S’TDI, av. 5.5 [4.6 to 6.4] 7.6 [6.8 to 9.1] <0.001 2.4 -0.1 to 4.8 32% 

E’STE, av. E’TDI, av. 5.8 [4.4 to 7.1] 8.2 [6.8 to 9.2] <0.001 2.2 0.1 to 4.4 27% 

A’STE, av. A’TDI, av. 5.9 [5.2 to 6.9] 9.1 [8.0 to 10.9] <0.001 2.8 -0.6 to 6.2 31% 

Technology Postinduction AP4C 

STE 

Comparator 

Conventional 

Reference 

STE Median  

[Q1 to Q3] 

REF Median  

[Q1 to Q3] 
P-value 

Mean  

bias 
95% LoA 

Mean bias 

as % of Ref 

MAPSESTE, 

av. 

MAPSEM-MODE, 

av. 9.3 [6.8 to 10.6] 12.0 [10.2 to 12.9] <0.001 2.8 0.2 to 5.3 23% 

S’STE, av. S’TDI, av. 5.2 [4.5 to 6.0] 6.8 [6.2 to 8.1] <0.001 2.2 -0.5 to 4.8 32% 

E’STE, av. E’TDI, av. 5.1 [4.6 to 5.4] 7.2 [6.1 to 8.0] <0.001 1.9 -0.5 to 4.2 26% 

A’STE, av. A’TDI, av. 5.0 [3.6 to 5.8] 6.4 [5.4 to 7.9] <0.001 1.9 -0.6 to 4.4 30% 
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Figure 6 - 4 shows the correlation of S’STE and S’TDI with global longitudinal strain and global longitudinal 

strain rate (S-wave).  

 

Figure 6 - 4: Correlation of Systolic Mitral Annular Velocities with Global Longitudinal Strain and Strain Rate (S-Wave). 

S’STE correlated with peak global longitudinal strain and strain rate in the preAP4C, but only with strain rate 

in the postAP4C. S’TDI, the clinical gold standard, correlated significantly with peak global longitudinal strain 

and strain rate in both states. Figure 6 - 5 shows the correlation of E’STE and E’TDI with global longitudinal 

strain rate (E-wave). While E’STE correlated with strain rate in both states, E’TDI did not.   
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The interrater reliability involved both image 

acquisition and analysis. Conventional measures 

showed excellent reproducibility in both states 

(range 0.77-0.88 and 0.78-0.91, respectively), 

while speckle-tracking-based measures were 

generally good in both states (range 0.61-0.85 and 

0.57-0.84, respectively). A’STE, however, showed 

only fair reproducibility in the awake state (0.49) 

and no reproducibility in the ventilated state 

(0.06). The median times required for the 

commercial software to analyze displacement 

were 31 s (30-35 s) in the preAP4C and 34 s (24-

39 s) in the AP4C, with no significant difference 

between the two (P=0.83).  Measurements for 

strain and strain rate were 61 s (52-100 s) and 172 

s (156-206 s) in the preAP4C and were not 

significantly different from the values in the 

postAP4C at 85 s (66-109 s) and 185 s (166-220 s), 

respectively.  

Figure 6 - 5: Correlation of Speckle-Tracking-Derived E’ with 
Strain and Strain Rate. 

Source: own depiction. 
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Discussion 

In this study, we showed that a novel method of systolic and diastolic speckle-tracking-based 

measurements of annular velocity derived from single, commonly acquired 2D image loops correlated with 

gold standard measurements of displacement and velocity in  different states. Speckle-tracking-based 

annular velocities also tended to correlate with global markers of speckle-tracking-based strain as well as 

systolic and diastolic strain rates.   

Speckle-Tracking in Point-of-Care Ultrasound 

Speckle-tracking is a novel technology which may be beneficial in point-of-care ultrasound. Speckle-

tracking involves the post-processing analysis of the motion of natural acoustic markers in 

echocardiography image loops. Software-based algorithms analyze speckle artefacts in the myocardium 

of image loop analyses which come about through reflections, refraction and scattering of echo beams as 

well as at the natural border between myocardium and cavity (i.e. the endocardial border).44 Tracking the 

motion of an area of interest throughout the cardiac cycle allows for the quantification of the 2D image. 

The most common application of speckle-tracking is the analysis of strain and strain rate. Briefly, strain as 

used in echocardiography is the deformation of a body of interest at either the end of systole (end-systolic) 

or the maximum deformation (peak systolic) in relation to its end-diastolic length (Lagrangian strain). 

Although we most commonly use longitudinal strain (e.g. deformation from the annulus to the apex), one 

may also measure radial strain and circumferential strain (e.g. thickening and rotational motion).44 The 

derivative of this deformation over time is strain rate. Software packages exist for left ventricular, right 

ventricular, and atrial deformation.  

However, strain and strain rate are only one application of speckle-tracking. In this study, we used a 

commercially available software for tracking the displacement of an area of interest (the mitral annulus) 

relative to a fixed point and then again. Taking the derivative with respect to time led to a mitral annular 

displacement rate, i.e. mitral annular velocity. This approach may be particularly valuable because it is 

much less dependent on high-quality images of the entire ventricles, but only requires a trackable mitral 

annulus. 

Previous Studies Regarding Speckle-Tracking-Based Displacement 

Unlike velocities, a number of previous studies have examined mitral annular longitudinal displacement 

by speckle-tracking (i.e. MAPSESTE, often referred to as TMAD or %TMAD when put in relation to the 

ventricles length), as shown in Table 6 - 2.  
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Table 6 - 2: Overview of Previous Studies. 

A
u

th
o

r 

Population Position / 
Ventilation 

TMAD  
Views  

Correlation of TMAD with Global Values OTHER RESULTS 

A
sa

d
a 

94 normal 
children  

Left lateral 
decubitus 
Awake 
spontaneous 
ventilation 

AP4C 
only 

LVEF (r=0.71, P<0.001) GLS (r=-0.77, P<0.001) ICC (n=8)  
intra 0.78 (95% 0.21-
0.95) 
inter 0.85 (95% 0.45-
0.97) 

B
u

ss
 

152 
hypertroph; 
47 volunteers 

Position 
unknown 
Awake 
spontaneous 
ventilation  

Mean 
AP4C &  
AP2C 

MAPSE (r2=0.80 P<0.001), peak systolic strain (r2=0.88, 
P<0.001)peak systolic strain rate (r2=0.78, P<0.001)2D 
LVEF (r2=0.69, P<0.001, non-linear) 3D LVEF (r2=0.75, 
P<0.001, non-linear) 

Measured TMAD 119 
+7-17 s but 4C alone 
could be done under 15 
s 
 

Te
ra

gu
ch

i 

50 patients 
with MR & 
preserved EF 

Position 
unknown 
Awake 
spontaneous 
ventilation  

AP4C 
only  

GLS (r=-0.75, P<0.001) Time: TMAD vs GLS 
(6.2±1.2 s vs 68.4± 19.5, 
P<0.001). 

R
if

fe
l 

120 patients 
with 
amyloidosis, 
47 controls  

Position 
unknown 
Awake 
spontaneous 
ventilation  

Mean 
AP4C &  
AP2C 

TMAD better at discriminating amyloidosis patients 
from healthy controls (AUC 0.98 using cut-off of 
13.8%) than EF (AUC 0.86, P <0.001), MAPSE (AUC 
0.95, P<0.05), and similar to TDI (AUC 0.97, P=0.48).  

 

C
h

iu
 

198 dialysis 
patients 

Left lateral 
decubitus 
Awake 
spontaneous 
ventilation  

Mean 
AP4C &  
AP2C 

LVEF r=0.248, P<0.001 
TMAD (r=-0.614, P<0.001) 
No association with mortality and cardiac events at 
mean of 28 months (n=48 and 44 respectively).  

Repeat in 20 patients for  
inter and intrarater 
reliability by BA: 
unbiased LoA -2.60 to 
2.58 and -2.55 to 2.41 

Li
u

 

65 with HCM 
and 48 
healthy 
controls 

Left lateral 
decubitus 
Awake 
spontaneous 
ventilation  

Mean 
AP4C, 
AP2C, & 
AP3C  

TMAD measurements reduced in both hypertrophic 
cardiomyopathy groups compared to healthy controls 
(11.5±2.4% and 11.0±3.8% vs 16.7±2.4%). Global 
longitudinal strain (r=0.871, P<0.001) 

 

Za
ky

 

54 septic 
patients  

  Longitudinal strain (-0.682, P<0.001) 
EF (r=0.718, P<0.001)  
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As evident from the table, examinations were made in various populations and generally in the left lateral 

decubitus position in awake, spontaneously breathing patients. Displacement measurements were often 

made as an average of a number of different apical views (AP4C, AP2C, and AP3C), an approach that 

decreases random error but takes more time and requires more analyzable images. Reproducibility, when 

measured, was acceptable but was based on a single acquired image later analyzed by two assessors rather 

than on two fully independent assessments. Correlation of TMAD with MAPSE was only performed in one 

study MAPSE (r2=0.80, P<0.001), but no absolute values were reported.33 Correlation of TMAD with echo-

based values of global systolic function such as strain, strain rate, and EF were generally high, and the 

discriminatory ability of TMAD to identify patients with certain pathologies such as amyloidosis and 

hypertrophic cardiomyopathy was also high.36,37 An association of TMAD with hard clinical outcomes, for 

which none of these studies was powered, was ambiguous.33,34,37,39 When the required times were 

measured, these were generally less than 15 seconds per echocardiography view.33,38 Buss et al also 

examined lower quality images and found that in patients with reduced image quality (n=67), TMAD could 

be performed more often than strain imaging (67 vs 43, P<0.001).33   

In addition to novel aspects of deriving velocities, our study clearly adds information for a FoCUS-esque 

setting. First, we were able to show that MAPSESTE correlates strongly with MAPSEM-MODE in patients in a 

supine position, both in an awake spontaneously breathing state (r=0.91, P<0.001) or an anesthetized, 

ventilated state (r=0.84, P<0.001) even when using just a single view (AP4C). This study is the first 

examining supine patients and anesthetized, ventilated patients. Both situations are commonly 

encountered in the various settings in which FoCUS is applied. Secondly, we were also able to show that 

MAPSE by speckle-tracking and M-mode are not interchangeable, as MAPSESTE tends to underestimate 

MAPSEM-MODE. As Buss et al. neither reported Bland-Altman statistics nor the slope of the linear regression, 

this is an important unique finding requiring confirmation.33
 

Velocities, their Derivation, and the Comparison with Global Measurements 

To the best of our knowledge and with the exception of our recent publication on speckle-tracking-based 

velocities of the right ventricle,42 no publications exist examining speckle-tracking-based annular 

velocities.  

Since our velocities are derived from displacement-time curves measured by a commercially available 

software, it is important to justify our method of using the software (i.e. using a fixed point rather than 

the apex of the heart as the reference point). Previously, we had validated a similar approach for the right 

ventricle and TEE, as this approach decreased random noise at the apex of the heart in the far field of 

TEE.42 Although not of major importance for displacement, velocities were substantially affected.  
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In TTE, however, it could be argued that the fixed point is not necessary, as the apex is in the near field 

and random noise should be minimal. We examined both methods and found a mean bias of 2.4 mm for 

both, but the 95% LoA was wider using the apex method than the fixed point method (95% LoA 0.5 to 5.3 

and 0.1 to 4.8, respectively). Similarly, the Person’s r was nominally lower using the apex in both states 

(r=0.79 vs 0.91, P<0.001 and r=0.77 vs 0.84, P<0.001). Taken together, it seems that even in the AP4C, 

some random noise is eliminated using the fixed point for velocity derivation. Furthermore, from a 

theoretical standpoint, this approach may also be favorable, as both M-mode and TDI use the transducer 

as the reference. 

Our study found S’STE and E’STE to correlate with S’TDI and E’TDI (r=0.73 and r=0.87) and also to correlate with 

strain as well as S- and E-wave strain rate velocities in awake spontaneously breathing patients (r=0.75, 

r=0.68, and r=0.70). For anesthetized, ventilated patients, correlation with S’TDI and E’TDI was also excellent 

to good (r=0.76 and r=0.65), while the correlation with strain as well as strain rate velocities were rather 

poor (r=0.39, r=0.51, and r=0.56). However, the fact that measurements by TDI rather than speckle-

tracking were not clearly better may suggest a limitation with the correlation of velocities with global 

longitudinal deformation in anesthetized, ventilated patients per se rather than in the speckle-tracking-

based velocities themselves.  

Clinical Relevance and Limitations of Speckle-Tracking 

The correlation of speckle-tracking-based annular velocities with gold standard measurements as well as 

global measures of longitudinal deformation in various states is encouraging. The potential clinical 

relevance of these results – which could easily be made available on an echo machine for immediate 

analysis– are four-fold.  

First, only a single 2D image loop in the AP4C is required. Gold standard measurements with TDI and M-

mode need not be made and are not even available on many portable devices or any hand-held echo 

machines. Furthermore, for less experienced clinicians M-mode and TDI may be confusing, daunting, time-

consuming, and forgotten.  

Second, image quality may be compromised in non-optimal bedside situations. Patients may be ventilated, 

supine rather than in the left lateral decubitus position, or otherwise in distress. Image quality is a major 

limitation in using speckle-tracking-based strain and strain rate.51,52 While a recent study examining 187 

patients with point-of-care ultrasound found speckle-tracking-based strain to have a high specificity and 

high positive predictive value for identifying non-ST-elevation acute coronary syndrome, a sufficiently 

complete exam could only be performed in 75 of 187 cases (40%). 43 In contrast, speckle-tracking-based 

annular motion may be an easier adjunct for quantifying systolic and diastolic function. 
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Third, our method is fast requiring only one image be made without employing additional echo modalities. 

Offline measurements were also very fast, requiring a median of approximately 30 seconds, much less 

than the time generally required to measure strain and strain rate and calculate EF by Simpsons or 3D 

(both of which contain no diastolic information). 

Fourth, diastolic function is often forgotten/neglected despite being a major cause of heart failure. 

Diastolic information is available by speckle-tracking-based annular velocities, and unlike TDI, this 

information is also available at a later point in time, should clinicians forget to make measurements during 

the exam. 

However, as any technology, speckle-tracking also has some important limitations. The most obvious 

limitations include image quality, frame rate, and out-of-plane motion of speckles.44 Indeed, image quality, 

which may be particularly challenging in the FoCUS setting, is a major limitation for strain and strain rate 

analyses.43 However, our method of tracking the mitral annulus only requires identification of the annulus 

rather than the entire endocardial border. Nonetheless, image quality includes a readable ECG trace, as 

required by the software. As far as the other limitations are concerned, it seems likely that higher frame 

rates will lead to more accurate velocities. However, most 2D image loops will have frame rates of at least 

50 frames per second, which would allow for multiple frames in systole and early diastole. Out-of-plane 

motion is a problem inherent to any 2D technology.  

Importantly, users should be cognizant of how 2D images displayed on the echo machine are made and 

appreciate options for optimization (e.g. spatiotemporal resolution, lateral vs axial motion, near-field vs 

far-field considerations, acoustic shadowing, probe frequency, etc.).42,53 This also explains why speckle-

tracking is not a fully angle independent technology and tracking robustness depends on the number of 

available speckles. 54,55 

Strengths and Limitations of this Study 

This study has some important strengths in addition to its novel aspects and the resultant potential for 

clinical relevance. First, we systematically made extensive speckle-tracking and conventional 

measurements in two different clinical states in a FoCUS-esque condition, namely spontaneously 

breathing patients and anesthetized and ventilated patients, both in a supine position. Although it could 

be argued that not placing patients in a left lateral decubitus position decreases comparability to the 

cardiology literature, our focus was point of care ultrasound: turning patients in the left lateral decubitus 

position in the prehospital, emergency room, perioperative, or intensive care setting to make gold 

standard measurements seems rather impractical.  Secondly, two independent assessors each acquired 

and analyzed their own images. Although this results in greater variability than in studies in which two 

assessors examine the same previously acquired image, it reflects clinical work; image acquisition is an 
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integral part of echo-based measurements and decision making. Third, our design enabled us to first 

validate speckle-tracking-based displacement measures of the left ventricle and then compare our derived 

velocities with gold standard measurements.  

However, this study also has some limitations. First, as a first-of-its-kind, explorative secondary analysis of 

a small, but well-designed study our results require confirmation; it would be interesting to confirm these 

results in other populations and settings as well. Secondly, our 2D images were not optimized for tracking 

the mitral annulus but, rather, for a global AP4C view. As such, our results highlight that speckle-tracking-

based velocities can be obtained from virtually any previously acquired AP4C image loop, one of the most 

commonly acquired views in TTE. Third, both echocardiographers were not TTE but, rather, TEE-trained 

and -certified anesthesiologists. However, as it stands, this study shows that a good working knowledge of 

echocardiography suffices for rapid, quantitative assessment of left ventricular systolic and diastolic 

function.  Fourth, our derivation from commercially available displacement measurements was self-made. 

However, our aim was to show feasibility and correlation and our results underscore the need for a 

software solution available, which could easily and quickly be made available on any echocardiography 

machine. Finally, our novel approach is based on commercially available software, which uses unknown 

algorithms, etc, and may not be similar to those of other vendors. 56 Relatedly, this software package is 

only accessible if a good ECG trace is available, which was not the case in 3 of our patients and may be a 

challenge in high-stress environments. 

While a well-designed and controlled study examining novel and gold standard measurements under 

identical loading conditions in two separate states, further studies are necessary for confirmation and 

assessment of real world utility.  
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Conclusions 

In this study, we showed that a novel method of systolic and diastolic speckle-tracking-based 

measurements of annular velocity derived from a single, commonly acquired 2D image loop correlated 

with gold standard measurements of displacement and velocity in a number of states. Speckle-tracking-

based annular velocities also tended to correlate with global markers of strain as well as systolic and 

diastolic strain rates.   
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Supplemental Figure 6 - 1: Displacement and Velocities Using the APEX as the Reference Point. 

Source: own depiction. 
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Chapter 7: Summary, Clinical Relevance, and Outlook 

Summary of Main Results 

The field of echocardiography is greatly expanding, both in its widespread use as well as in its technological 

advancements. Indeed, while traditionally reserved for cardiologists examining spontaneously breathing 

patients in transthoracic echocardiography (TTE), perioperative transesophageal echocardiography (TEE 

and focused TTE) are becoming key competencies in the perioperative period for a great number of 

medical specialists. These changes offer a number of unique possibilities to improve diagnosis, 

management, and – ultimately – patient outcomes. However, these different perioperative settings and 

echocardiography’s TTE focus create certain difficulties and may lead to inaccurate measurements. On the 

one hand, different measurements in TEE compared to TTE may reflect real physiological changes (e.g. 

mechanical ventilation, anesthesia, altered loading conditions, etc.). On the other hand, however, a 

misapplication of conventional, angle-based technologies rooted in TTE-based technologies such as M-

mode and TDI can often be responsible. Technologies serving as a gold standard in TTE cannot be 

uncritically extrapolated to TEE. Similarly, the limitations of novel technologies (e.g. speckle-tracking) must 

be elucidated and considered as well. 

 

This thesis had two main aims: 1) to critically evaluate the use of TTE gold standards in perioperative 

echocardiography, and 2) to seek out alternatives, namely a) alternative views with superior in-plane 

alignment of the Doppler beam and b) alternative technologies based on speckle-tracking.  

In Chapter 3, we showed that in assessing right ventricular longitudinal function, there is significant 

underestimation of tricuspid annular displacement and velocities using conventional technologies, 

regardless of the TEE echocardiography view used. Clearly, TAPSE measured by M-mode and S’ measured 

by TDI are not interchangeable in TEE and TTE. Speckle-tracking-based technologies show promise for the 

right ventricle, but are certainly not a cure-all. Right ventricular free wall strain and strain rate are 

overestimated in TEE, leading the uncritical clinician to believe longitudinal function is better than it 

actually is (as measured by TTE standard values). This may be very dangerous. TAPSE by speckle-tracking, 

however, seems a promising measurement method.  

In Chapter 4, we derived and validated a novel speckle-tracking-based method of measuring tricuspid 

annular velocity measurement by first measuring displacement over time via a modified, noise-reduced, 

speckle-tracking-based method (i.e. TAPSESTE) and then differentiating with respect to time (i.e. S’STE, E’STE, 

A’STE). The velocities developed by this method (i.e. S’STE, E’STE, and A’STE) and measured with TEE correlated 

significantly with those measured by tissue Doppler imaging (i.e. S’TDI, E’TDI, and A’TDI) with TTE, although 
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there was a relevant degree of imprecision. Nonetheless, speckle-tracking-based velocities offer the 

advantage of quantifying both systolic and diastolic right ventricular information from a common 

previously acquired view (i.e. they are available ex post). 

In Chapter 5, we addressed the core issue of early diastolic mitral annular velocities in TEE for assessing 

diastolic function. Unlike for the right ventricle, TEE measurements of E’ do not appear to relevantly 

underestimate gold standard velocities as measured in TTE. This is an important confirmation of current 

clinical practice, which had been missing. An alternative TEE view, the DTG, does not offer any advantages. 

Strain rate as an alternative requires further studies. 

In Chapter 6, we extended our novel speckle-tracking velocities (Chapter 4) to assess left ventricular 

systolic and diastolic function from a single TTE view. While the methodology is the same as in Chapter 4, 

the clinical implication is different in a FoCUS setting. We examined patients both during spontaneous 

ventilation and after intubation and ventilation. Despite significant correlation, there was relevant 

underestimation of velocities by this novel method, limiting its use in this setting as a surrogate for TDI. 

Nonetheless, it may still be useful in FoCUS as less-experienced echocardiographers can rapidly quantify 

systolic and diastolic annular from a single image and without increasing “on patient” time in a high-stress, 

time-sensitive context. 

Clinical Relevance & Open Questions 

This thesis is of high practical clinical relevance as it offers some important guidance for perioperative 

clinicians. Table 7 - 1 has summarized the main findings. Clinically, conventional technologies quantifying 

RV function are not interchangeable between TEE and TTE regardless of the view used; caution should be 

exercised when using speckle-tracking. For LV function, clinicians may continue measuring mitral annular 

velocities in the midesophageal 4-chamber TEE view; alternative views are not needed. Speckle-tracking-

based velocities, while underestimating actual measurements, are feasible and available in post-

processing of any pre-existing image loop with an ECG. This may be a great benefit in stressful settings.  
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Table 7 - 1: Main Findings of this Thesis. 

Modality/View Right Ventricle Left Ventricle 

Conventional  

Measurements 

TAPSE by M-Mode & S’ by TDI in ME4C:  

● Significant underestimation in TEE 
compared to TTE 

● TEE and TTE not interchangeable 

E’ by TDI in ME4C:  

● Clinically insignificant underestimation 
● Reasonable to use 

Alternative  

Views 

TAPSE / S’ in dTG, TG RVi: 

● Significant underestimation in TEE 
compared to TTE 

● TEE and TTE not interchangeable 

E’ in dTG: 

● No benefit 
● Do not use 

Alternative  

Technologies 

Strain and Strain Rate:  

● Overestimation in TEE compared to 
TTE 

● Use with caution 

● Potentially useful for changes over 
time 

TAPSESTE: 

● Good option  
● Apical reference point okay 

Annular Velocity by STE: 

● Shows promise 
● Use fixed reference point 

Strain and Strain Rate:  

● Possible overestimation 
● Use with caution 

 

 

 

 

Annular Velocity by STE: 

● Underestimates true velocities 
● S’STE / E’ STE:  promise for FoCUS 

 

In principle, knowing that measurements in TTE and TEE are not identical is highly valuable but begs the 

question: “what should we do?” In principle, a number of partially overlapping options exist. We could: 

A) Simply use TEE measurements as substitutes for TTE measurements, 
B) define new “normal” measurements in TEE, 
C) incorporate knowledge of an existing difference in TEE into our clinical interpretation, and/or  
D) seek out alternatives for TEE. 

 

Depending on the type of measurement a different approach may be warranted, as illustrated in 

subsections below: 

1) Measuring the LV: what should we measure for mitral annular velocities?  

For the measurement of mitral annular velocities, a cautious implementation of TDI-based velocity 

measurements (option A) seems reasonable. While there is a modest underestimation in TEE, this is not 

clinically relevant. Although misangulation should be considered in every Doppler measurement using 
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absolute velocities, simply ignoring (slight) differences may be the preferred method of quantifying mitral 

annular velocities in TEE, particularly in the absence of better alternatives. 

2) Measuring the RV: what should we measure for right ventricular displacement and velocity?  

For this more difficult question, option A is clearly limited. While simply performing measurements may 

be useful in determining the changes over time (i.e. the “delta”, cave: pericardectomy), this approach is 

not preferred for absolute measurements of displacement or velocities of the tricuspid annulus.  

Is it preferable to define new “normal” measurements for TEE (Option B), or should we simply be aware 

of the difference in our assessment of longitudinal RV function (Option C)? While having a new reference 

set of TEE values may help in identifying “pathological” from “normal” states, I find this approach to be 

dangerous, as it “waters down” our ingrained, validated, and commonly accepted TTE values. An entire 

second set of normal values would have to be determined, validated, and present in clinicians’ minds. This 

would not only make TEE results more complicated for those routinely performing TEE, but also for all 

other clinicians interpreting TEE results. Furthermore, misangulation, and hence the degree of bias, may 

vary from patient to patient (we all know that patient’s TG RV inflow views vary!). I think it makes more 

sense to know that a certain TEE measurement underestimates (or overestimates) the same TTE 

measurement and use this to make a clinical judgement. Indeed, even the most important measurements 

show differences in measurement modalities within TTE. For example, measuring LVEF by Teichholz yields 

different values than measuring LVEF by Simpson’s, which yields different values than measuring LVEF by 

3D echo, which yields different values than measuring LVEF by cMRI. Should we determine “normal” values 

for each of these measurement methods? Stating the measured value together with the technology used 

LVEF 52% (3D), for example, as well as a possible bias may be helpful for interpretation (especially for 

clinicians not familiar with the measurement modality). As another example, our cardiologists routinely 

use this approach in their measurements of EF in cardiac PET imaging by stating: “LVEF 45% (PET EF 

underestimates EF by 8% on average)”.  

3) Is speckle-tracking the answer?  

New technologies are commonly viewed as potential “magic bullets” ready to supplant established 

technologies with some shortcomings (Option D). In the publications forming a great part of this thesis, 

we were able to show that the wide breadth of speckle-tracking-based measurements (TMAD, annular 

velocities, strain, strain rate) were promising measurements, but certainly not a cure all. Speckle-tracking-

based displacement and annular velocities performed well for the tricuspid annulus but showed significant 

underestimation for the mitral annulus. In additional, imprecision was significant for all of these 



 
 

 
  132 
 

measurements. Strain and strain rate were overestimated in TEE compared to TTE. Clearly, speckle-

tracking-based measurements are not the answer. 

Speckle-tracking-based options should be seen as “an option” rather than “the answer”. Speckle-tracking-

based tricuspid annular displacement (TMAD) is commercially available on QLAB and is easy to use 

clinically. For example, the previous approach at our institution was to measure TAPSE by M-mode in some 

TEE view (generally the TG RV inflow view) and then to “keep it” if we felt the measurement was accurate 

and to “toss it” if we felt misangulation was a problem. Obviously, this approach had some limitations. We 

have now changed our clinical practice and use another method (namely either anatomic M-mode or 

TMAD, both in the ME 4C). Generally, when there is sufficient time, we measure by anatomical M-mode, 

or if there is less time we measure by TMAD (when on ECC). In a few cases, we needed TAPSE for a study, 

but no anatomical M-mode had been performed, and using TMAD was not possible due to caudering on 

the ECG trace. In this case, we measured the distance of the tricuspid annulus to the apex at both end-

systole and end-diastole. Each option has its own inherent limitations, but different technologies give us 

options. Measurement of annular velocities by speckle-tracking is not commercially available and, hence, 

is not a clinical option; it was an experimental proof-of-concept.  

Speckle-tracking-based strain or strain rate is commercially available either as an adapted LV software or 

as a specific RV software. RV software is particularly expensive and not commonly available. Even when 

ignoring this reality, measurements in TEE and TTE were somewhat different. Should we define new 

normal values in this case for TEE (Option A)? In addition to the limitations listed in point 1 above, there 

are additional concerns to implementing this approach in this situation: improvements in technology, 

changes in software algorithms (still a black box), vendors, etc. yield different values. Studies have shown 

vendors to show substantial variation. Furthermore, even when using the same version of a given 

software, changing settings on the ultrasound machine could potentially alter measurement results. For 

example, a maximal strain rate of an object moving laterally from ultrasound beam to ultrasound beam 

rather than along an ultrasound beam could well be affected by beam density and frame rate. In my 

opinion, in speckle-tracking-based measurements as with conventional measurements, we should know 

the limitations and possible bias in TEE compared to TTE and assess cardiac function accordingly. 

Asking whether or not speckle-tracking-based measurements are “the answer” is the wrong question. We 

should be asking whether or not speckle-tracking-based measurements are an option in helping us to 

assess cardiac function while taking care not to compare apples with oranges. 
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4) A final caveat on measurements: 

Limiting assessment of LV or RV, systolic or diastolic function to a single measurement is reductive and 

dangerous. Rather, a number of measurements should be combined with qualitative aspects and an 

understanding of the clinical context. Additionally, every measurement method has its strengths, 

limitations, and pitfalls. For example, 1) right ventricular longitudinal motion markedly decreases after 

pericardectomy although FAC may not change, 2) gradients over a valve are higher in hyperdynamic states 

(immediately post separation; combined valve pathologies) and lower in hypodynamic states (low flow 

low gradient stenosis), and 3) measurements may be limited in the presence of other pathologies (e.g. 

diastolic function by mitral annular velocities in the presence of aortic regurgitation, LVEF in the presence 

of mitral regurgitation). Further limitations and pitfalls exist, and we should not expect too much from any 

single measurement. Would a single and cumbersome gold standard EF by preoperative cMRI help us to 

estimate cardiac function after combined valve surgery for aortic stenosis and mitral regurgitation? 

Probably somewhat, but I would prefer repeated quantitative and qualitative assessment using several 

(non-gold standard) measurements! 

 

In addition to its clinical value, this thesis shows pioneer characteristics: we have developed and validated 

a speckle-tracking-based method for determining mitral and tricuspid annular velocities. This methodology 

is important for a number of reasons. First, these measurements can be obtained ex post via post-

processing of the most commonly acquired image loops: no additional on-patient time or imaging is 

required. This is undoubtedly of benefit in high-stress, time-sensitive contexts, as commonly encountered 

in the operating room, intensive care station, and emergency room. Second, this novel technology may be 

widely used given the rise of handheld echocardiography devices, which are not equipped with M-mode 

or TDI. As a proof of concept, this may be a highly beneficial, as soon as frame rate (a technological 

restraint) and a missing ECG (a software restraint) are resolved. Third, this novel technology may be of 

great benefit for larger (retrospective) analyses in which appropriate displacement and velocity 

measurements were not performed for whatever reason. Fourth, it may also be used in a time series 

approach, following the development of diastolic or systolic left or right ventricular development over time 

or disease course either on an epidemiological or individual patient level.  

 

Outlook 

This thesis has also raised important questions for future research. For example, two studies are currently 

ongoing, based on this work:  
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Study 1a: The effect of frame rate on speckle-tracking-based velocities of LV and RV function is being 

examined at my current place of work in both healthy volunteers and patients undergoing (thoracic) 

surgery. Higher frame rates by decreasing sector width and/or depth may yield more accurate speckle-

tracking-based velocities. This could be important for 1) establishing minimal frame rates for speckle-

tracking-based velocity measurements (recall that displacement measurements are not as affected by 

frame rate), and 2) validating measurements with a depth only extending up to the level of the annulus 

(previous studies have all used a complete 4-chamber view).   

Study 1b: In the same study, we will additionally explore the utility of the subcostal TTE view for examining 

LV and RV function by speckle-tracking in postoperative and ventilated patients, as this is often the only 

window available after thoracotomy. If unbiased and acceptably precise, TTE may be used in cases in which 

TEE or TEE skills are unavailable or deemed too invasive. 

Study 2a: The feasibility and utility of RV and LV global, rather than annular, velocities (S’STE, 3D and E’STE, 3D) 

will be examined (Table 7 - 1). A global speckle-tracking-based measure of systolic and diastolic velocities 

may be interesting for a number of reasons: 1) global measurements reflect function more completely 

than annular measurements and 2) velocities are less dependent on loading conditions than displacement 

(potentially interesting for systolic function in patients with mitral or tricuspid insufficiency). Additionally 

in some cases such as assessing diastolic function in the presence of aortic insufficiency, global 

measurements may make more physiological sense than mitral annular measurements.  

 

Figure 7 - 1: Creation of Global Velocities (right) Based on Commercially Available Speckle-Tracking-Based Volume-
Time Relationships of the Right and Left Ventricle (left). 

Source: own depiction. 
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Study 2b: Given feasibility of the study above, correlation and utility of the LV and RV global velocities 

(S’STE, 3D and E’STE, 3D) will be examined. While correlation with other measurements (e.g. S’TDI, EF, strain and 

strain rate) are interesting, clinical events will also be examined (e.g. in predicting the need for inotropes 

at the time of ICU admission in cardiac surgery). This may yield a promising global marker of LV and RV 

systolic and diastolic function based on a single 3D image of the LV or RV. 

 

In summary, this thesis offers not only practical guidance using novel measurement methods for clinicians, 

but also an exciting methodology for further scientific questions and applications. 
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Dutch Thesis Abstract 

Introductie: Perioperatieve echocardiografie – en in het bijzonder transoesofageale echocardiografie (TEE) 

– wordt in toenemende mate gebruikt en is aangewezen tijdens hartheelkunde. Echter, aangezien het 

domein van de echocardiografie zijn oorsprong vindt in de cardiologische wereld waar transthoracale 

echocardiografie (TTE) de norm is, is het onduidelijk hoe metingen, uitgevoerd met TEE in de 

perioperatieve setting, moeten worden vergeleken met de gouden standaard TTE metingen. Dit geldt in 

het bijzonder voor hoekafhankelijke metingen zoals M-mode en  weefseldoppler metingen (tissue doppler 

imaging of TDI), die bij TEE een onderschatting kunnen vertonen aangezien de uitlijningsopties van de TEE 

probe beperkter zijn, en afhankelijker zijn van de anatomie van de patiënt.  

Deze thesis zal ten eerste klepringverplaatsing en –snelheid gemeten door de conventionele, 

hoekafhankelijke M-mode en TDI parameters in het TEE midoesofageale vierkamer beeld (ME4C) 

vergelijken met het gouden standaard TTE apicale vierkamer beeld, onder gelijke ladingscondities. 

Secundair werden 1) dezelfde metingen in alternatieve TEE beelden en 2) de bruikbaarheid van een 

innovatieve (meer hoekonafhankelijke) spikkel-volgende snelheidsparameter onderzocht.   

Methoden: Echocardiografische verplaatsingsparameters (gemeten met M-mode: TAPSE, MAPSE), en –

snelheden (gemeten met TDI: S’, E’, A’) alsook grijsschaal beelden van de hartspier werden opgeslagen in 

het AP4C beeld (TTE), ME4C beeld (TEE) en in alternatieve TEE beelden. Deze laatste waren voor het 

rechter ventrikel het gemodificeerd diep transgastrisch beeld (DTG) en het transgastrisch rechter ventrikel 

instroom beeld (TGRVi), en voor het linker ventrikel het diep transgastrisch beeld (DTG). Deze beelden 

werden opgeslagen na inductie van de anesthesie, bij hemodynamische stabiliteit, waarbij twee 

echocardiografisten onafhankelijk beelden verkregen en analyseerden. De nieuwe spikkel-volgende 

metingen van de klepringverplaatsing en spanningsverandering (strain rate) werden bekomen in het ME4C 

beeld middels de QLAB software (Philips). 

We vergeleken de gemiddelde waarden met een gepaarde t-test, de correlatie middels lineaire regressie 

met een Pearson’s r, en overeenkomst met Bland-Altman plots. We gebruikten ICC om de inter- en 

intraobservator overeenkomst te kwantificeren.  

Resultaten: In de eerst van vier publicaties vonden we dat tricupidklepringverplaatsing en –snelheden 

significant werden onderschat in het ME4C beeld ten opzichte van het AP4C beeld (gemiddelde±sd: TAPSE: 

13.1±3.8mm vs. 17.3±4.0mm; S’: 6.7±2.1cm/s vs. 9.1±2.2cm/s; beiden P<0.001). Gelijkaardig zagen we dat 

de metingen in zowel het DTG beeld (TAPSE 14.5±4.7mm, P=0.017; S’ 6.8±1.8cm/s, P<0.001) als het TGRVi 

beeld (TAPSE 12.3mm±4.0cm/s, P=0.001; S’ 6.0±1.3cm/s, P<0.001) de longitudinale functie onderschatten. 

Spanning (strain) en spanningsverandering (strain rate) waren negatiever in TEE dan in TTE (-17.7±3.6 vs. 

-12.6±2.1, P<0.001; -1.0±0.2/s vs. -0.7±0.1/s, P<0.001). 
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In de tweede publicatie stelden we onze afleidingsmethode en het validatieprotocol voor van de nieuwe 

spikkel-volgende snelheidsparameter van de klepring. Deze werd bekomen door de klepringverplaatsing, 

gemeten met commercieel beschikbare spikkel-volgende software, te differentiëren over tijd. Deze 

tricuspidklepringsnelheden, gemeten in het ME4C beeld, correleerden goed met de gouden standaard TDI 

metingen in het AP4C beeld voor de S’ en E’ metingen, maar niet voor de A’ metingen (S’STE=0.87STDI+0.60, 

P<0.001, r=0.78; gemiddelde bias -0.6cm/s, 95%LoA -3.5 tot 2.4cm/s; E’STE=0.69E’TDI+2.37, P<0.001, r=0.71; 

gemiddelde bias 0.1cm/s, 95%LoA -2.5 tot 2.8cm/s; A’STE=0.15A’TDI+11.17, P=0.629). 

Uit de derde studie konden we concluderen dat vroegdiastole snelheden van de mitraalklep, gemeten 

middels TDI in het ME4C beeld, matig onderschat werden, maar dat dit niet van klinisch belang is 

(6.6±1.7cm/s vs.7.0±1.5cm, P=0.028).  

In de vierde studie konden we onze spikkel-volgende methode correleren aan de TDI snelheden van de 

mitraalklep, zowel in de pre- als postinductie AP4C beelden (S’ r=0.73 en 0.76, E’ r=0.87 en 0.65, en A’ 

r=0.65 en r=0.73). We vonden hier een gemiddelde bias van 25 a 30% ten opzichte van de gouden 

standaard.  

Conclusie: Perioperatieve artsen moeten de nodige voorzichtigheid aan de dag leggen als ze 

klepringverplaatsingen en –snelheden meten middels conventionele, hoekafhankelijke TEE technologie. 

Rechtszijdige metingen met conventionele technologie dienen vermeden te worden. Daarentegen zijn 

linkszijdige metingen een aanvaardbaar alternatief. Andere TEE beelden onderschatten eveneens 

beiderzijds de snelheden, en dienen te worden vermeden. Metingen op basis van spanningsverandering 

in TEE kunnen leiden tot een overschatting, waar rekening mee moet worden gehouden. De spikkel-

volgende metingen van de tricuspidklep- en de mitraalklepring zijn veelbelovend: ze correleren goed met 

gouden standaard metingen. De tricuspidring metingen zijn niet gebiased, daarentegen zijn 

mitraalringsnelheidsmetingen onderschat. Deze nieuwe metingen, populair en gemakkelijk te gebruiken 

in vooraf opgenomen beelden, dienen verder onderzocht te worden.  

 


