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Proficiency in echocardiography and lung ultrasound has become essential for anesthesiologists and critical care physicians. Nonetheless, com-
prehensive echocardiography measurements often are time-consuming and technically challenging, and conventional 2-dimensional images do
not permit evaluation of specific conditions (eg, systolic anterior motion of the mitral valve, pneumothorax), which have important clinical impli-
cations in the perioperative setting. M-mode (motion-based) ultrasonographic imaging, however, provides the most reliable temporal resolution
in ultrasonography. Hence, M-mode can provide clinically relevant information in echocardiography and lung ultrasound—driven approaches
for diagnosis, monitoring, and interventional procedures performed by anesthesiologists and intensivists. Although M-mode is feasible, this
imaging modality progressively has been abandoned in echocardiography and is often underutilized in lung ultrasound. This article aims to com-
prehensively illustrate contemporary applications of M-mode ultrasonography in the anesthesia and critical care medicine practice. Information
presented for each clinical application will include image acquisition and interpretation, evidence-based clinical implications in the critically ill
and surgical patient, and limitations. The present article focuses on echocardiography and reviews left ventricular function (mitral annular plane
systolic excursion, E-point septal separation, fractional shortening, and transmitral propagation velocity); right ventricular function (tricuspid
annular plane systolic excursion, subcostal echocardiographic assessment of tricuspid annulus kick, outflow tract fractional shortening, ventricu-
lar septal motion, wall thickness, and outflow tract obstruction); volume status and responsiveness (inferior vena cava and superior vena cava
diameter and respiratory variability [collapsibility and distensibility indexes]); cardiac tamponade; systolic anterior motion of the mitral valve;
and aortic dissection.
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(LUS) are being increasingly used in anesthesiology and criti-
cal care. This advance is due partly to the portability, broad
availability, and improved technology of ultrasound machines
and their practical utility as diagnostic, therapeutic, monitor-
ing, and procedural-guidance tools. Moreover, higher-resolu-
tion ultrasound devices have become available for operating
rooms, postanesthesia care units, intensive care units, and peri-
operative clinics.”" As a consequence, proficiency in echocar-
diography and LUS now is considered necessary for the
anesthesiologist and the intensivist and has therefore been
implemented in many residency and fellowship curricula.””

M-mode (motion-based) ultrasonographic imaging can be
better understood by describing the multiple ultrasound modal-
ities that have been developed as technology has evolved.
A-mode (amplitude-based) imaging displays the reflected
echoes as peaks on an oscillator monitor, and B-mode (bright-
ness-based) imaging converts A-mode spikes to dots whose
brightness matches signal intensity. Today, these 2 modalities
are rarely used in the clinical domain. M-mode imaging
includes a time scale, whereby reflected echoes displayed in
B-mode along a single line on the vertical axis are placed side
by side on the horizontal axis, representing their motion
toward and away from the transducer over time. M-mode is
therefore ideal for the evaluation of motion and timing.
M-mode—derived parameters generally require simple linear
measurements from single recordings through standard win-
dows. The slowest M-mode frame rate (at least 1,000 frames
per second) is 10 times greater than the fastest 2-dimensional
(2D) ultrasonography image (/<100 frames per second). This
higher sampling rate affords M-mode the best temporal resolu-
tion among ultrasound modalities, which makes it ideal for
evaluating very fast or subtle movements, such as those of the
cardiac valves or the inferior vena cava (IVC), respectively.
Furthermore, conventional M-mode image quality does not
depend on 2D image quality but on tissue acoustic characteris-
tics and pulse repetition frequency.'”

Although A-mode and B-mode were the first ultrasound
modalities described, M-mode provided the first ultrasono-
graphic images of the moving heart in 1953, as published by
Inger Edler and Hertz.'""'* In the United States, Harvey Fei-
genbaum would later refine M-mode imaging for measurement
of heart chamber dimensions. M-mode was then the leading
echocardiographic modality for approximately 10 years until
2D and Doppler techniques were developed. Since then,
M-mode echocardiography has been progressively abandoned
and now is seldomly used in many practices."” In contrast, part
of the global success of LUS can be attributed to M-mode
imaging. Although in his first report in 1992 Daniel Lichten-
stein used mainly 2D imaging, he would later use M-mode
recordings extensively to characterize many of the fundamen-
tal signs in LUS.'? Today, conventional M-mode parameters
are used in standard LUS evaluations, and novel parameters
are being investigated actively.

For the anesthesiologist and the critical care physician, com-
prehensive echocardiographic measurements often are time-
consuming and technically challenging, and 2D images in
LUS do not permit evaluation of subtle movements that may

be clinically relevant. Rapid and practical measurements in
critical care and anesthesia allow for early and serial evalua-
tions during the evolution of a patient’s clinical course. M-
mode recordings provide accurate estimates of hemodynamic-
sand cardiopulmonary status, as well as therapeutic and proce-
dural guidance in a timely and practical fashion. Hence, the
authors of the present review believe that M-mode is a valu-
able tool for assessing critically ill and surgical patients and
thus M-mode imaging should remain active in daily practice
while being continually investigated for novel applications.

This article aims to comprehensively review contemporary
applications of M-mode ultrasonography in the practice of
anesthesia and critical care medicine. For each clinical appli-
cation, the following are provided: definitions, technical
descriptions for image acquisition and interpretation, evi-
dence-based clinical implications in critically ill and surgical
patients, and associated limitations. In this article, the meas-
urements with respective clinical applications reviewed are
left ventricular (LV) function (mitral annular plane systolic
excursion [MAPSE], E-point septal separation [EPSS], LV
fractional shortening [LVFS], and transmitral propagation
velocity); followed by right ventricular (RV) function (tricus-
pid annular plane systolic excursion [TAPSE], subcostal echo-
cardiographic assessment of tricuspid annulus kick
[SEATAK], RV outflow tract [RVOT] FS, motion of the ven-
tricular septum [VS], RV wall thickness, and RVOT obstruc-
tion); and then volume status and responsiveness (IVC and
superior vena cava [SVC] diameter and respiratory variability
[collapsibility and distensibility indexes]); cardiac tamponade;
systolic anterior motion (SAM) of the mitral valve; and aortic
dissection. Table | provides a summary of abnormal cutoff
values for quantitative M-mode echocardiographic parameters
(Fig. 1-10).

Technical Considerations

Current international guidelines recommend synchronizing
imaging with electrocardiographic tracings as a minimum qual-
ity standard for echocardiography and suggest the use of respi-
rometry recording whenever possible.""'® For M-mode
imaging, temporal correlation between cardiopulmonary events
and cardiac and respiratory cycles is fundamental for adequate
image interpretation and clinical correlation. Most ultrasound
devices used by critical care physicians and anesthesiologist
have capabilities for electrocardiography and respirometry
recordings, although connection of electrocardiography cables
and chest wall pads may be inconvenient in emergency situa-
tions, and recordings can be unstable and vary depending on
patient positioning. Moreover, small, portable ultrasound
machines may not have this capability.

Because M-mode depicts motion of structures along the ver-
tical axis, optimal M-mode—derived measurements require
parallel alignment between the axis of the ultrasonic beam
(M-mode vector) and the axis of the motion of the structure of
interest, a task that sometimes is technically impossible. None-
theless, this limitation can be overcome by the use of anatomic
M-mode. Anatomic M-mode uses 2D images as a basis for
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Table 1
Summary of Abnormal Cutoff Values for Quantitative M-Mode Echocardio-
graphic Parameters

Parameter Abnormal Ilustrative
Cutoff Value  Echocardiographic View
Left ventricular function
MAPSE <10 mm Fig 1
EPSS >7 mm Fig2
LVFS, endocardial <27%" -
<25%'
LVFS, midwall <15%" Fig 3
<14%
Vp <56 cm/s Fig 4
Vp/Ap <1.06
Right ventricular function
TAPSE <17 mm Fig 5
RVOT FS <32% Fig 7
RVWT >5 mm -
Volume status and responsiveness
End-expiratory IVCd <13 cm’ Fig9
>2.5cm’
IVC collapsibility index " >40%-42%" Fig 9
>48%""
IVC distensibility index** >18%! Fig9
IVCd variation index'' >12%" Fig 9
SVC collapsibility index™ >36%! Fig 10

Abbreviations: EPSS, E-point septal separation; IVC, inferior vena cava;
IVCd, inferior vena cava diameter; IVCd-max; maximum inferior vena cava
diameter; IVCd-min, minimum inferior vena cava diameter; LVES, left
ventricular fractional shortening; MAPSE, mitral annular plane systolic
excursion; RVOT FS, right ventricular outflow tract fractional shortening;
RVWT, right ventricular wall thickness; SVC, superior vena cava; SVCd-max;
maximum superior vena cava diameter; SVCd-min, minimum superior vena
cava diameter; TAPSE, tricuspid annular plane systolic excursion; Vp, early
propagation velocity; Vp/Ap, early-to-late propagation velocity ratio.

* For women.

1 For men.

1 Fluid responsiveness.

§ Fluid unresponsiveness.

Y IVC collapsibility index = IVCd-max — IVCd-min/IVCd-max.

[ TVC collapsibility index after spontaneous breathing technique.

#IVC collapsibility index after standardized breathing technique.

**IVC distensibility index = IVCd-max — IVCd-min/IVCd-min.

1TIVCd variation index =IVCd-max — IVCd-min/0.5(IVCd-max +IVCd-

min).
11 SVC collapsibility index = SVCd-max — SVCd-min/SVCd-max.

M-mode analysis at a defined line, whereby it allows for adjust-
ing the orientation of the M-mode vector, regardless of trans-
ducer orientation, to place it as parallel as possible to the
direction of motion of the structure of interest.'” This modality,
however, may not be available in small, portable ultrasound
machines and has considerable limitations, including lower
image resolution and, consequently, less-accurate measurements.

Left Ventricular Function
Mitral Annular Plane Systolic Excursion
Annular or longitudinal displacement is an essential prop-

erty of LV function. ' MAPSE, also referred to as mitral annu-
lar excursion or displacement, is a simple and well-validated

M-mode—derived marker of summative LV longitudinal func-
tion and is closely correlated with global LV function.'’
Although MAPSE has been used as a prognostic factor for
major cardiac events in patients with cardiovascular disease,
its application was eclipsed quickly by the introduction of
Doppler imaging.””>> MAPSE can be useful in urgent clinical
decision-making in the critical care and anesthesia settings
because of its limited dependence on image quality, easy
acquisition, and accuracy in prediction of LV function.”***

Technique

MAPSE is obtained using the standard apical 4-chamber
view (transthoracic echocardiography [TTE]) or the mideso-
phageal 4-chamber view (transesophageal echocardiography
[TEE]) with the M-mode vector placed through both the septal
and lateral mitral annuli (see Fig 1, A and B). The systolic
excursion of the septal and lateral mitral annuli then is mea-
sured from the lowest (end-diastole) to the highest (end-sys-
tole) points; the 2 are measured in millimeters and averaged.”
With TEE, care is needed to avoid foreshortening and to
include as much of the full length of the LV as possible, espe-
cially the apex.

Clinical Implications

A MAPSE value >10 mm indicates preserved left ventricu-
lar ejection fraction (LVEF) (>55%), with a sensitivity of
92% and a specificity of 87% in patients with symmetrical LV
morphology and overall normal wall motion, whereas a
MAPSE value <8 mm is associated with decreased LVEF
(<50%), with a specificity of 82% and a sensitivity of 98%
(see Fig 1, B and C).25‘26 Of note, MAPSE also is well-corre-
lated with diastolic echocardiographic parameters such as e’
and E/e’, even in patients with sepsis or heart failure with pre-
served LVEF.'”?7?° In addition, in patients with shock,
MAPSE is correlated with myocardial injury biomarkers
(high-sensitive troponin), and, unlike LVEF, it is an indepen-
dent predictor of 28-day mortality.”’ Furthermore, a MAPSE
value <10 mm portends worse long-term outcome in patients
with Takotsubo cardiomyopathy.’® Lastly, MAPSE correlates
well with LV longitudinal strain, a sensitive, earlier marker of
cardiac dysfunction that is not widely available in the operat-
ing room or critical care setting and has its own technical
difficulties.”’

Because MAPSE shows considerable variation due to
cardiac size, especially in children, Terada et al.’” devel-
oped a simple, age-adjusted parameter in which MAPSE is
divided by LV long-axis length (MAPSE/L). LV long-axis
length is measured with TTE on the apical 4-chamber view
as the distance between the lateral mitral annulus and the
endocardial border of the LV apex at end-diastole. Normal
values were established, and, in all cases beyond the neo-
natal period until age 15 years, MAPSE/L was significantly
associated with age, LV global longitudinal strain, and
LVEF.
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Fig 1. Mitral annular plane systolic excursion by transthoracic echocardiography. (A) Two-dimensional image of apical 4-chamber view describing the image
acquisition before M-mode imaging of mitral annular plane systolic excursion; the M-mode line (white dotted line) is placed through the left ventricular apex
(upper arrow) and the lateral mitral annulus (lower arrow); then, M-mode imaging can be recorded. (B) M-mode image of normal mitral annular plane systolic
excursion (19.0 mm) suggesting normal left ventricular systolic function. The left ventricular apex (upper left arrow) and the lateral mitral annulus (lower arrow)
are depicted across several cardiac cycles. Mitral annular plane systolic excursion is measured as the vertical excursion of the lateral mitral annulus from end-dias-
tole to end-systole (electrocardiographic points indicated by upper mid and right arrows, respectively). (C) M-mode image of abnormal mitral annular plane sys-
tolic excursion (7.8 mm) suggesting left ventricular systolic dysfunction. LA, left atrium; LV, left ventricle; MAPSE, mitral annular plane systolic excursion; RA,

right atrium; RV, right ventricle.

Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved.

Limitations

MAPSE, like other several parameters described in this arti-
cle, was initially developed and validated in TTE and then
extrapolated to TEE; thus, most of the evidence focuses on
TTE. Large studies that have evaluated the accuracy and feasi-
bility of MAPSE by TEE are lacking.

Like most of the echocardiographic parameters of LV
systolic function that account for contractility, MAPSE is
preload dependent, at least as much as LVEF.”’*? MAPSE
does not account for segmental LV function; thus, in
patients with focal myocardial dysfunction, such as
regional wall motion abnormalities, small areas of fibrosis,
or conduction disorders, MAPSE measurements may not
correlate well with LV function. Also, in patients with LV
hypertrophy, mitral valve calcification, and chronic atrial
fibrillation, MAPSE may not be reliable.'”2%* Tt must be
emphasized that these conditions are particularly common
among patients in the intensive care unit (ICU). MAPSE
also may not be reliable in patients with increased transla-
tional motion of the heart, such as cases of mobile apex

due to large pericardial effusion.’” Moreover, after cardiac
surgery, septal MAPSE, together with RV function, might
be more decreased compared with lateral MAPSE."”
Finally, with increasing age, MAPSE is progressively
decreased, whereas LVEF remains unchanged or slightly
increased; this phenomenon has shown that MAPSE could
overestimate LV function in young patients.””*°

E-Point Septal Separation

In early diastole the mitral valve leaflets separate widely,
with a maximum motion of the anterior leaflet toward the VS.
The narrowest distance between the anterior valve leaflet and
the VS is defined as the EPSS and has long been correlated
with LV systolic function.”’**

Technique

EPSS is obtained by TTE using the parasternal long-axis
view.”” The M-mode vector is placed through the tip of the
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Fig 2. E-point septal separation by transthoracic echocardiography. (A) Two-dimensional image of parasternal long-axis view describing the image acquisition
before M-mode imaging of E-point septal separation; the M-mode line (white dotted line) is placed through the ventricular septum (upper arrow) and the tip of the
anterior mitral leaflet (lower arrow); then, M-mode imaging can be recorded. (B) M-mode image of normal E-point septal separation (3.5 mm) suggesting normal
left ventricular systolic function. The ventricular septum (upper vertical arrow) and the anterior mitral leaflet (lower horizontal arrow) are depicted across several
cardiac cycles. “E” indicates the early opening of the anterior mitral leaflet caused by early diastolic filling; “A” corresponds to the late opening of the anterior
mitral leaflet caused by atrial contraction during late diastolic filling. E-point septal separation is measured as the distance between the anterior mitral leaflet and
ventricular septum at early diastole (ie, at “E”). (C) M-mode image of abnormal E-point septal separation (29.0 mm) suggesting left ventricular systolic dysfunc-

tion. EPSS, E-point septal separation; LA, left atrium; LV, left ventricle.

Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved.

anterior leaflet of the mitral valve, and only 1 linear measure-
ment is required (see Fig 2, A and B)."’

Clinical Implications

An EPSS value >7 mm has been universally accepted as
a marker of severe LV systolic dysfunction (LVEF <30%)
(see Fig 2, C).37’4”'43 In a recent study,44 this cutoff value
showed a sensitivity of 100% for predicting severe LV sys-
tolic dysfunction in patients with calculated LVEF, but the
specificity was low (51%). In contrast, that study found
only a moderate correlation between “eyeballing” estimates
of LV systolic function and calculated LVEF. EPSS is
well-correlated with angiography, cardiac magnetic reso-
nance imaging, visual estimation (“eyeballing”), and quan-
titative echocardiographic imaging (Simpson’s method) for
assessment of LVEF in various cardiac conditions, includ-
ing myocardial infarction, left bundle branch block
(LBBB), paradoxical septal motion, regional wall—motion
abnormalities, and aortic stenosis,’ /4074343

Limitations

Valvular pathologic processes that restrict the motion of the
anterior mitral leaflet toward the VS, such as mitral stenosis,
mitral annulus calcification, and moderate to severe aortic
regurgitation, can lead to an exaggerated EPPS, yielding an
underestimated LV function.”” Moreover, severe LV hypertro-
phy, asymmetric septal hypertrophy, and discrete proximal
septal thickening (sigmoid VS) can lead to falsely small EPSS
measurements and thus overestimate LV systolic function.*'***
In ICU patients, the image quality required for EPSS measure-
ment often is difficult to achieve, and if the measurement is
not made on an appropriate parasternal long-axis view (ie, hor-
izontal orientation of the heart with both the mitral and aortic
valves clearly seen in the same frame), the EPSS may be over-
estimated because of a tangential measurement.

Left Ventricular Fractional Shortening

LVFS measures the ratio or percentage of LV diameter
change from diastole to systole. Calculation of LVFS implies
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Fig 3. Midwall left ventricular fractional shortening by transthoracic echocardiography. (A) Two-dimensional image of parasternal long-axis view describing the
image acquisition before M-mode imaging of midwall left ventricular fractional shortening; the M-mode line (white dotted line) is placed through the ventricular
septum (upper arrow, passing below the tip of the anterior mitral leaflet) and the left ventricular free wall (lower arrow); then, M-mode imaging can be recorded.
(B) M-mode image of normal midwall left ventricular fractional shortening (25.0%) suggesting normal left ventricular systolic function. The ventricular septum
(upper arrow) and the left ventricular free wall (lower arrow) are depicted across several cardiac cycles. (C) M-mode image of abnormal midwall left ventricular
fractional shortening (11.7%) suggesting left ventricular systolic dysfunction. LA, left atrium; LV, left ventricle; LVFES, left ventricular fractional shortening;
LVIDd, left ventricular internal diameter at end-diastole; LVIDs, left ventricular internal diameter at end-systole.
Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved.

that the measurements are taken at a plane related to the
chamber’s maximal (diastolic) and subsequent minimal (sys-
tolic) dimensions throughout a cardiac cycle.

Technique

LVES can be derived either by TTE using the parasternal
long-axis view or TEE using the transgastric short-axis view,
with the M-mode vector placed below or at the tips of the ante-
rior mitral leaflet (see Fig 3, A and B), and then measuring the
percentage decrease in LV end-diastolic diameter that occurs
by end-systole, as follows:

LVFS=LVIDd—LVIDs/LVIDd x 100

where LVIDd is LV internal diameter at end-diastole and
LVIDs is LV internal diameter at end-systole.'****” The mid-
wall LVES is preferred over the endocardial LVES because it
reflects both the inward motion of the endocardium and the
degree of wall thickening (see Fig 3, B). The parasternal short-
axis view is considered as an alternative view to obtain
LVES, 1048

Clinical Implications

Endocardial LVFS <27% for women and <25% for men
and midwall LVFS <15% for women and <14% for men
are considered markers of LV dysfunction (see Fig 3,
0).'%* LVFS is useful for detecting LV systolic dysfunc-
tion, especially in patients with LV concentric hypertro-
phy.”" Interestingly, unlike endocardial FS, subnormal
midwall LVFS also has been correlated with LV diastolic
dysfunction.”’

Increased or hyperdynamic LV function can be recognized
by a qualitative evaluation of the systolic radial inward motion
of the LV walls on the parasternal short- or long-axis view.
Hyperdynamic LV function is defined as near or complete
obliteration of the LV cavity, meaning that the endocardial
surfaces of the LV free wall and septum come in close contact
with each other.” In patients with nontraumatic undifferenti-
ated shock, hyperdynamic LV function predicts sepsis as the
cause of shock with a specificity of 94%.’” In this patient pop-
ulation, the hyperdynamic LV function is accompanied by a
normal LV end-diastolic area or volume. In contrast, in
severely hypovolemic patients, hyperdynamic LV function
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Fig 4. Early propagation velocity by transthoracic and transesophageal echocardiography. (A) Color M-mode image of normal propagation velocity (57.9 cm/s) by
transthoracic echocardiography suggesting normal left ventricular diastolic function. At the top, 2-dimensional image of apical 4-chamber view with the M-mode
line (white dotted line) placed through the left ventricle (upper arrow), mitral valve (middle arrow), and left atrium (lower arrow) and the color Doppler interro-
gation field located from the mitral valve and distally into the left ventricle. At the bottom, color M-mode image of blood flow from the mitral valve (lower left
arrow) to the left ventricle at early diastole (upper arrow indicates corresponding electrocardiographic point). Propagation velocity is measured as the slope of the
first aliasing velocity (lower right arrow) from the mitral valve plane to 4 cm into the left ventricle at early diastole. (B) Color M-mode image of abnormal propaga-
tion velocity (41.3 cm/s) by transesophageal echocardiography suggesting left ventricular diastolic dysfunction. At the top, 2-dimensional image of midesophageal
4-chamber view with the M-mode line (white dotted line) placed through the left atrium (upper arrow), mitral valve (middle arrow), and left ventricle (lower
arrow) and the color Doppler interrogation field located from the mitral valve and distally into the left ventricle. At the bottom, color M-mode imaging of blood

flow from the left atrium through mitral valve (arrow) to the left ventricle at early diastole. LA, left atrium; LV, left ventricle.
Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved.

could be present but with a reduced LV end-diastolic area or
volume.

Limitations

In patients with an asymmetrically enlarged left ventricle or
with regional wall motion abnormalities due to coronary artery
disease or conduction abnormalities, LVFS may not correlate
well with the actual global LV function.”* Furthermore, sud-
den changes in afterload and preload can alter LVFS measure-
ments.

Color M-Mode Transmitral Propagation Velocities

Color M-mode (CMM) echocardiographic assessment of
transmitral flow is a reliable parameter of LV diastolic func-
tion not affected by the atrioventricular pressure gradient,
active relaxation and distensibility of the LV, or preload condi-
tions.”””’ CMM provides information in a spatiotemporal
fashion by combining color Doppler and M-mode imaging in
real time. CMM imaging represents all multiple simultaneous
color-pixel Doppler tracings acquired at different levels, from
mitral valve to apical areas.

Technique

Using the apical 4-chamber view (TTE) or the midesopha-
geal 4-chamber view (TEE), with visualization of the entire
LV long axis and highest sweep speed, the M-mode vector is
placed through the center of the mitral inflow, and a color
Doppler interrogation sample is located from the mitral valve

and distally into the L'V cavity, where it is used to eval_uate
mitral-to-apex inflow during diastole (see Fig 4, A and B).”*"’

Clinical Implications

Early propagation velocity (Vp) is measured as the slope of
the first aliasing velocity (40-45 cm/s) from the mitral valve
plane at early diastole to 4 cm into the left ventricle. Vp is a
reliable index of LV relaxation in patients with decreased
LVEF and a dilated left ventricle, but not in patients with nor-
mal LVEF.”® Indeed, Vp allows for the identification of
delayed relaxation or a pseudonormal filling pattern that is not
recognized with pulsed-wave Doppler evaluations (E-wave
velocity).”®”” Abnormal Vp values are also correlated with
acute myocardial infarction and its long-term outcomes.””*’
Normal Vp values are >55 cm/s in younger adults and
>45 cm/s in older adults.’’ In one series, a cutoff value of
56 cm/s separated a normal from a pseudonormal filling pat-
tern with a sensitivity of 92% and specificity of 98% (see Fig
4, A and B).””

The ratio of early-to-late propagation velocities (Vp/Ap),
although less studied than Vp alone, appears to be a reliable
diastolic index regardless of systolic function and is of particu-
lar utility in patients with delayed relaxation or pseudonormal
filling pattern.’”® A cutoff value of 1.06 separates normal
from pseudonormal filling pattern with a sensitivity of 98%
and specificity of 100%.%>

Because diastolic dysfunction is characterized by a
reduction in both initial Vp and the distance to the deceler-
ation point (occurring closer to the mitral annulus), the
product of these 2 parameters, termed Vs, may provide a
more accurate evaluation of diastolic dysfunction than does
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Fig 5. Tricuspid annular plane systolic excursion by transthoracic echocardiography. (A) Two-dimensional image of apical 4-chamber view describing the image
acquisition before M-mode imaging of tricuspid annular plane systolic excursion; the M-mode line (white dotted line) is placed through the right ventricular apex
(upper arrow) and the lateral tricuspid annulus (lower arrow); then, M-mode imaging can be recorded. (B) M-mode image of normal tricuspid annular plane sys-
tolic excursion (20.3 mm) suggesting normal right ventricular function. The lateral tricuspid annulus (lower arrow) and the right ventricular apex (middle arrow)
are depicted across several cardiac cycles. Tricuspid annular plane systolic excursion is measured as the vertical excursion of the lateral tricuspid annulus from
end-diastole to end-systole (electrocardiographic points indicated by upper left and right arrows, respectively). (C) M-mode image of abnormal tricuspid annular

plane systolic excursion (14.1 mm) suggesting right ventricular dysfunction.

LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; TAPSE, tricuspid annular plane systolic excursion.
Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved.

conventional Vp alone. Vs represents the strength of the
initial inflow propagation and the magnitude of LV suction.
Vs is particularly useful in patients with hypertrophic car-
diomyopathy (HCM), where it was found to be more reli-
able than Vp alone in diagnosing diastolic dysfunction. A
Vs value <199 cm?/s identifies a reduced intraventricular
pressure gradient (<2.2 mmHg), and a Vs value <155
cm?/s detects increased pulmonary capillary wedge pres-
sure (>18 mmHg).**

The combination of conventional transmitral flow parame-
ters (eg, E velocity) with CMM parameters (eg, Vp, Vp/Ap,
Vs) has provided more accurate estimates of left atrial pres-
sure. The index E/Vp correlates well with the pulmonary capil-
lary wedge pressure in adults with normal or decreased LVEF
or with acute myocardial infarction.”® %7

Limitations

The reliability of Vp is compromised if there are varia-
tions in the degree of LV relaxation (eg, atrial fibrillation),

. . . 50,62,67,68
LV geometry, or mitral orifice size.”””~"""° Moreover,

there is controversy about whether Vp is a reliable index
of diastolic function in patients with HCM.””*” Compared
with CMM, tissue Doppler imaging provides comparable
information regarding LV diastolic function but in a sim-
pler and more reproducible fashion. However, tissue Dopp-
ler imaging requires advanced machine capability that may
not be available in some ICUs. Table 2 provides a sum-
mary of the M-mode echocardiographic parameters of LV
function.

Right Ventricular Function

As a low-pressure, high-volume, thin-walled structure,
the right ventricle has particular anatomic and physiologi-
cal considerations that the echocardiographer must account
for when examining with M-mode.®” The right ventricle
takes an anterior course to the left ventricle, leading to a
crescent shape composed of the following 3 distinct ana-
tomic regions: inflow, apical trabecular, and outflow.”®

Downloaded for Anonymous User (n/a) at VANDERBILT UNIVERSITY MEDICAL CENTER from ClinicalKey.com by Elsevier on
February 12, 2026. For personal use only. No other uses without permission. Copyright ©2026. Elsevier Inc. All rights reserved.



G. Prada et al. / Journal of Cardiothoracic and Vascular Anesthesia 33 (2019) 1559—1583

‘ SEATAK
+ Distance 1.64cm

P R

Lateral 16 3.2 % 61 BPM
Tricuspid

/ Annulus

Lateral
Tricuspid
Annulus

i .

+SEATAK 16 mm

BI.U(II\

Fig 6. Subcostal echocardiographic a ment of tricuspid annulus kick by transthoracic echocardiography. (A) Two-dimensional image of subcostal window,
inferior vena cava view describing the image acquisition before M-mode imaging of subcostal echocardiographic assessment of tricuspid annulus kick; the M-
mode line (white dotted line) is placed through the lateral tricuspid annulus (arrow); then, M-mode imaging can be recorded. (B) M-mode image of the subcostal
echocardiographic assessment of tr ulus kick measurement (16 mm). The lateral tricuspid annulus (arrow) is depicted across several cardiac cycles. The
subcostal echocardiographic assessment of tricuspid annulus kick is measured as the vertical excursion of the lateral tricuspid annulus from end-diastole to end-s
tole. IVC, inferior vena cava; RA, right atrium; SEATAK, subcostal echocardiographic assessment of tricuspid annulus k

Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved.
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Fig 7. Right ventricular outflow tract fractional shortening by transthoracic echocardiography. (A) Two-dimensional image of parasternal short-axis view, aortic
valve level describing the image acquisition before M-mode imaging of right ventricular outflow tract fractional shortening; the M-mode line (white dotted line) is
placed through the right ventricular outflow tract, aortic valve, and left atrium; then, M-mode imaging can be recorded. The right atrium, tricuspid valve (left
arrow), and pulmonary valve (right arrow) also are seen. (B) M-mode image of normal right ventricular outflow tract fractional shortening (35.0%) suggesting nor-
mal right ventricular function. The right ventricular outflow tract walls (arrows), aortic valve, and left atrium are depicted across several cardiac cycles. (C) M-
mode image of abnormal right ventricular outflow tract fraction shortening (19.5%) suggesting right ventricular dysfunction. AoV, aortic valve; LA, left atrium;
RA, right atrium; RVOT, right ventricular outflow tract; RVOT FS, right ventricular outflow tract fractional shortening; RVOTDd, RVOT diameter at end-diastole;
RVOTDs, RVOT diameter at end-systole.
Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved.

Downloaded for Anonymous User (n/a) at VANDERBILT UNIVERSITY MEDICAL CENTER from ClinicalKey.com by Elsevier on
February 12, 2026. For personal use only. No other uses without permission. Copyright ©2026. Elsevier Inc. All rights rved.




1568 G. Prada et al. / Journal of Cardiothoracic and Vascular Anesthesia 33 (2019) 1559—1583

RV cavity

Ventricular Septum

Ventricular

Septum \

LV free wall

diastole  systole
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Fig 8. Motion of the ventricular septum by transthoracic echocardiography. (A) Two-dimensional image of parasternal long-axis view, describing the image acqui-
sition before M-mode imaging of the ventricular septum; the M-mode line (white dotted line) is placed across the right ventricular outflow tract and below the tips
of the anterior mitral leaflet; then, M-mode imaging can be recorded. (B) M-mode image of normal motion of the ventricular septum. From top to bottom, right ven-
tricular cavity, ventricular septum (upper arrow), left ventricular cavity, and left ventricular free wall (lower arrow). During diastole (left bracket), the ventricular
septum thins and moves rightward (toward the right ventricle); during systole (right bracket), the ventricular septum thickens and moves leftward (toward the left
ventricle). (C) M-mode image of abnormal motion of the ventricular septum in a patient with severe asthma. From top to bottom, right ventricular cavity (1), ven-
tricular septum (2), left ventricular cavity (3), and left ventricular free wall (4). During inspiration (arrows), there is leftward shift (toward the left ventricular cav-
ity) and flattening of the ventricular septum as a major contributor to the transitory decrease in left ventricular cardiac output during inspiration (ie, pulsus

paradoxus). RVOT, right ventricular outflow tract; VS, ventricular septum;

Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved.

Physiologically, the contractile mechanism is initiated in
the inlet, with a systolic ejection movement toward the
apex, followed by sequential contributions from the free
wall, outflow, and ventricular septum anatomic regions.ﬁg
This contractile apparatus faces an afterload resultant from
pulmonary vascular resistance and impedance, physiologi-
cal forces that can influence shaping of anatomic structures
with subsequent echocardiographic sequelae.’” The litera-
ture has described the echocardiographic imaging of the
right ventricle to be challenging because of its shape, posi-
tion, and thin-walled structure; however, the importance of
perioperative imaging can be appreciated in several surgi-
cal populations at high risk for RV failure, including
patients with a ventricular assist device and pulmonary
hypertension and those who have undergone lung trans-
plantation.””””? Evaluation of the right ventricle, whether
measuring contractility or effects of afterload changes, can
be accomplished using M-mode imaging.

Right Ventricular Contractility

Tricuspid Annular Plane Systolic Excursion

RV myocardial contraction in the longitudinal plane
accounts for the vast majority (80%) of the global RV sys-
tolic function. Hence, TAPSE, also referred to as tricuspid
annular motion, is a well-validated, M-mode—derived
parameter that represents the RV longitudinal function.’*’
TAPSE is well-correlated with parameters of global RV
systolic function, such as radionuclide-derived RV ejection
fraction, RV fractional area change, and RVEF by the
Simpson’s method.’”’® Similarly to MAPSE, TAPSE is
rapidly obtained and interpreted, has good intraobserver
and interobserver reliability, and has little dependence on
image quality and endocardial resolution.”” Also, TAPSE
by TTE has been shown to be the least user-dependent
measure of RV performance.”*”’
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Fig 9. Inferior vena cava assessment by transthoracic echocardiography. (A) Two-dimensional image of subcostal window, inferior vena cava view describing the
image acquisition before M-mode imaging of the inferior vena cava; the M-mode line (gray line) is placed across the inferior vena cava, 2 to 3 cm before its entry
to the right atrium; then, M-mode imaging can be recorded. The diaphragm (upper arrow) and hepatic vein (lower arrow) also are seen. (B) M-mode image of infe-
rior vena cava diameter (IVCd) of 1.58 with a collapsibility of 58.0% after sniff test, suggesting right atrial pressure of 3 mmHg. Inferior vena cava diameter is mea-
sured at end-expiration, and collapsibility after sniff maneuver is calculated as IVCd-exp — IVCd-sniff/IVCd-exp, where IVCd-exp is IVCd at end-expiration and
IVCd-sniff is IVCd after sniff maneuver. Respirometer tracing (left arrow) illustrates expiration (bracket) and sniff maneuver (right arrow). (C) M-mode image of
inferior vena cava collapsibility index (cIVC) of 47.6% suggesting possible fluid responsiveness in a spontaneously breathing patient. The cIVC is calculated as
IVCd-max — IVCd-min/IVCd-max, where IVCd-max is maximum IVCd (end-expiration, left bracket) and IVCd-min is minimum IVCd (inspiration, right
bracket). (D) M-mode image of inferior vena cava distensibility index (dIVC) of 39.4% and IVCd variation index of 49.0%, both suggesting possible fluid respon-
siveness in a mechanically ventilated patient. dIVC is calculated as IVCd-max — IVCd-min/IVCd-min, where IVCd-max is maximum IVCd (end-inspiration, right
bracket on respirometer) and IVCd-min is minimum IVCd (end-expiration, left bracket on respirometer). IVCd variation index is calculated as [IVCd-max — IVCd-
min/0.5(IVCd-max — IVCd-min).
Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved.
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Technique hypertension, pulmonary embolism, acute respira-

. . . -G
tory distress syndrome,”’ congestive heart failure,” " and

Using TTE from a standard apical 4-chamber view, TAPSE
is obtained by placing the M-mode line through the lateral tri-
cuspid annulus (see Fig 5, A and B). The systolic excursion of
the lateral tricuspid annulus is then measured from the lowest
(end-diastole) to the highest (end-systole) points over an aver-
age of 3 heartbeats. '’

With TEE, parallel alignment between the M-mode vector and
direction of tricuspid annular motion can be challenging. However,
the transgastric 4-chamber view has been shown to be feasible and
reliable compared with TAPSE by TTE, even intraoperatively.*""!
It is recommended to retroflex the TEE probe to increase parallel
alignment of the M-mode vector and annular motion.

Clinical Implications

TAPSE is recommended as an overall index of RV func-
tion and prognostic factor in patients with pulmonary

postcardiotomy shock,’' all of which are commonly found
in patients in the ICU. Furthermore, because LV function
represents an important portion of RV function, there is
close correlation between TAPSE and LV function; TAPSE
<24 mm predicts higher in-hospital and long-term mortal-
ity rates and longer hospital stay.”””® The American Soci-
ety of Echocardiography (ASE) established a cutoff value
of <17 mm as an indicator of RV dysfunction (see Fig 5,
B and C).>*7°

Limitations

Similarly to MAPSE, TAPSE is angle dependent, may be
preload dependent, and may not be valid in the presence of
regional RV wall—motion abnormalities.”” In patients with
RYV dilation and ensuing RV failure, TAPSE may be in the
normal range because of some adaptation in the form of
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Fig 10. Superior vena cava assessment by transesophageal echocardiography. (A) Two-dimensional image of high esophageal view at the great vessels describing
the image acquisition before M-mode imaging of the superior vena cava; the M-mode line (middle white dotted line) is placed through the left atrium and superior
vena cava; then, M-mode imaging can be recorded. (B) M-mode image of superior vena cava collapsibility index (cSVC) of 45.5%, suggesting possible fluid
responsiveness. The cSVC is calculated as SVC-max — SVC-min/SVC-max, where SVC-max is maximum superior vena cava diameter (end-expiration) and
SVC-min is minimum superior vena cava diameter (end-inspiration, bracket). The respirometer tracing (lower blue line) illustrates the respiratory cycle. LA, left
atrium; RA, right atrium; SVC, superior vena cava. Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved.

increased contractility (Anrep mechanism), although it is Subcostal Echocardiographic Assessment of Tricuspid

insufficient.”* Moreover, image acquisition of the apical  Annulus Kick
4-chamber TTE view in mechanically ventilated patients
with limited mobility can be challenging.”” In addition, Given the aforementioned technical limitations of

because the TEE technique is characterized by suboptimal
angling (nontangential) between the M-mode scan line and
the tricuspid annular plane, TAPSE by TEE is frequently
challenging. Finally, in patients with previous tricuspid
valve annuloplasty, TAPSE underestimates RV function.”®

TAPSE image acquisition in patients in the ICU, an alter-
native measurement to TAPSE has been proposed—SEA-
TAK.” Indeed, SEATAK, which is similar to TAPSE,
evaluates RV function as RV longitudinal function but in
the subcostal window.

Table 2

M-Mode Echocardiographic Parameters of Left Ventricular Function

Parameter Echocardiographic Views Clinical Correlation of Abnormal Values Main Limitations

MAPSE TTE: A4C TEE: HE4C < 8 mm =LV systolic dysfunction; abnormal diastolic Unreliable in the presence of RWMA, mitral valve
parameters (¢/, E/e’); markers of myocardial injury in calcification, severe LV hypertrophy, atrial
septic shock; worse outcomes in septic shock and fibrillation, and at oldest and youngest ages
Takotsubo cardiomyopathy (overestimates in young patients)

EPSS TTE: PLAX > 7 mm = severe LV systolic dysfunction Unreliable in the presence of mitral stenosis, mitral
Reliable in the presence of RWMA, except those on valve calcification, aortic regurgitation, severe LV
the anteroseptal wall hypertrophy, and septal hypertrophy

LVFS TTE: PLAX TEE: TGSAX Endocardial: <27% for women, <25% for men; Unreliable in the presence of RWMA, asymmetrically
midwall: <15% for women, <14% for men=LV enlarged left ventricle
systolic dysfunction
Particularly useful in LV concentric hypertrophy

Vp TTE: A4C TEE: ME4C < 56 cm/s =LV diastolic dysfunction in patients with Unreliable in the presence of atrial fibrillation, HCM
preserved LVEF Complex image acquisition
Particularly useful with pseudonormal filling pattern

Vp/Ap TTE: A4C TEE: ME4C < 1.06 =LV diastolic dysfunction in patients with
preserved LVEF
Particularly useful with pseudonormal filling pattern

Vs TTE: A4C TEE: ME4C < 199 cm?/s = reduced intraventricular pressure Unreliable in the presence of atrial fibrillation

gradient (<2.2 mmHg); <155 cm?/s = increased
pulmonary capillary wedge pressure (>18 mmHg)
Particularly useful in HCM

Complex image acquisition

Abbreviations: A4C, apical 4-chamber view; EPSS, E-point septal separation; HE4C, high-esophageal 4-chamber view; HCM, hypertrophic cardiomyopathy; LV,
left ventricular; LVEF, left ventricular ejection fraction; LVFES, left ventricular fractional shortening; MAPSE, mitral annular plane systolic excursion; ME4C,
midesophageal 4-chamber view; PLAX, parasternal long-axis view; RWMA, regional wall-motion abnormalities; TEE, transesophageal echocardiography;
TGSAX, transgastric short-axis view; TTE, transthoracic echocardiography; Vp, early propagation velocity; Vp/Ap, early to late propagation velocity; Vs, product

of Vp and distance to the deceleration point.
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Technique

After obtaining a standard subcostal TTE window, the probe
is rotated counterclockwise to create a subcostal IVC view,
wherein the right atrium (RA), right ventricle, tricuspid annu-
lus, and IVC are seen on the same image. The depth can be
decreased to 14 to 18 cm to enhance image resolution. Then,
the M-mode vector is placed through the lateral tricuspid
annulus, which should be in the center of the sector width, and
a linear measurement from end-diastole to end-systole (tricus-
pid annulus kick) is acquired (see Fig 6, A and B).

Clinical Implications

In a study of 45 critically ill patients, SEATAK, unlike
TAPSE, was measured successfully in all patients."S Further-
more, SEATAK significantly correlated with TAPSE, espe-
cially in patients who had more severely decreased RV
function.

Limitations

Similar to TAPSE, SEATAK appears to be preload depen-
dent. Evidence is limited to 1 study evaluating SEATAK cor-
relation with parameters of RV function.

Right Ventricular Outflow Tract Fractional Shortening

Because of the complex geometry of the right ventricle,
comprehensive echocardiographic evaluation is challenging.
However, the RVOT FS is a simple parameter that has shown
substantial correlation with RV function.””"®

Technique

Using the parasternal short-axis view (TTE) at the level of
the aortic root, the M-mode vector is placed through the
RVOT wall centered in the sector width (see Fig 7, A) and,
using endocardial cutting-edge methods, the percentage
decrease in RVOT end-diastolic diameter that occurs by the
end of systole is calculated, as follows:

RVOTFS =RVOTDd—RVOTDs/RVOTDd x 100

where RVOTDd is the RVOT diameter at end-diastole and
RVOTDs is the RVOT diameter at end-systole (see Fig 7, B).”

Clinical Implications

RVOT FS correlates with well-established RV dysfunction
parameters such as TAPSE, tricuspid regurgitant velocity, and
pulmonary artery acceleration time.”” RVOT FS <32% identi-
fies RV dysfunction with a sensitivity of 93% and specificity
of 98% (see Fig 7, B and C).”® When studied in patients with
LV systolic dysfunction, RVOT FS was linked to LVEF, RV
fractional area change, and brain natriuretic peptide value,
thereby indicating its relationship to the performance of both
the right and left ventricles.”” Furthermore, in patients with

acute pulmonary embolism, a lower RVOT FS was signifi-
cantly associated with a higher pulmonary embolism severity
index and a higher short-term mortality rate.'” Lastly, an
RVOT FS value <26% predicts low central venous pressure
(<8 mmHg) with a sensitivity of 95% and a specificity of
80%. 0!

Limitations

A subtle oblique direction of the M-mode vector at the
RVOT may underestimate the measurement. Moreover, in
patients with high central venous pressure, RVOT FS cannot
be used to distinguish volume from pressure strain.

Ventricular Septum

Motion of the VS reflects the pressure gradient between
the right and left ventricles. VS motion is, indeed, an inte-
gral component of LV performance, but certain pathologic
conditions that affect the right ventricle, such as RV vol-
ume or pressure overload, affect VS motion; in these clini-
cal scenarios, VS motion more closely reflects right-sided
heart hemodynamics.™

Technique

With TTE, the parasternal short-axis view at the midpapil-
lary level generally is used, but the parasternal long-axis view
with the M-mode vector line placed across the RVOT and
below the tips of the anterior mitral leaflet is considered the
most sensitive (see Fig 8, A). With TEE, the transgastric short-
axis view is recommended. Normal septal motion consists of
thickening and concomitant inward movement toward the cen-
ter of the left ventricle during systole (see Fig & B).'*'"

Clinical Implications

RV volume overload, a condition caused by tricuspid or
pulmonary regurgitation or atrial septal defect, results in a
leftward shift and flattening of the VS, predominantly at mid-
diastole and end-diastole, which creates a “D-shaped” LV
appearance in early systole. During systole, the VS returns to
its normal relative configuration, which results in an exces-
sive rightward motion (paradoxical motion). In contrast, RV
pressure overload, a disorder caused by pulmonary stenosis,
pulmonary hypertension, or massive pulmonary embolism,
results in a leftward shift and flattening of the VS throughout
the entire cardiac cycle, with the most marked deformation at
end-systole.””"'"* Overall, the leftward shift and flattening of
the VS reduces LV filling regardless of preload conditions,
thereby decreasing LV diastolic compliance. The ASE rec-
ommends evaluation of the VS throughout the cardiac cycle
with 2D and M-mode TTE in conditions related to RV
overload.”

In patients supported with mechanical ventilation, high pos-
itive end-expiratory pressure (PEEP) is well-known to cause
LV dysfunction.'*" In patients with acute respiratory distress
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syndrome, Jardin et al.'® found that increased PEEP was asso-
ciated with a leftward shift and flattening of the VS throughout
the cardiac cycle, with a “D-shaped” LV appearance, a pattern
similar to that observed in RV pressure overload. This finding
suggested that the deleterious cardiovascular effects of PEEP
were mainly mediated by ventricular interdependence, during
which the right ventricle is limited by increased afterload
(high PEEP) and LV performance is restrained. In addition,
volume loading did not restore cardiac output and, in turn,
increasingly accentuated the leftward shift of the VS, further
impairing LV filling.

In patients with severe asthma, Jardin et a also described
a leftward shift and flattening of the VS as a major contributor
to the transitory decrease in LV cardiac output during inspira-
tion (ie, pulsus paradoxus) (see Fig 8, C). This phenomenon
accounts for exaggerated ventricular interdependence as a result
of acute RV overload (induced by augmented systemic venous
return and increased impedance to RV ejection) and lung disten-
tion that compresses the heart chambers.

In patients with chronic pulmonary hypertension, Mori et a
characterized a pattern of abnormal septal motion that consists of
an early systolic brisk rightward motion (toward the right ventri-
cle) and a persistent posterior bulging (toward the left ventricle)
throughout diastole. This motion was associated with worse clini-
cal and hemodynamic status, including low cardiac index as an
independent predictor. This abnormal septal motion is believed to
reflect the progressive increase in RV diastolic pressures and
mean right atrial pressure as a result of chronic pulmonary hyper-
tension, thus leading to RV failure.

In severe RV dysfunction and pericardial constriction, VS
bouncing is best seen on M-mode in the parasternal long-axis
view (TTE); this parameter, when coupled with additional 2D
and Doppler findings, can aid in the diagnosis of these condi-
tions. In these cases, the relatively adynamic RV free wall is
static while blood flows into the right ventricle, and as the right
ventricle fills in diastole, the VS begins to shift toward the left
ventricle. Then, in early systole, a more dynamic septal bounce
toward the left ventricle occurs.

In some patients with LBBB, a brief leftward dip, or “beak,”
of the VS (toward the left ventricle) can be recognized shortly
after the onset of electrical depolarization, followed by right-
ward (paradoxical) motion (toward the right ventricle) of the
VS, that persists throughout systole.'”® This leftward septal
dip is caused by the abnormal depolarization of the VS inher-
ent to LBBB physiology. The paradoxical septal motion in
LBBB is considered equivalent to an akinetic or dyskinetic VS
due to myocardial infarction (lower cardiac performance).
LBBB can also present with a brief leftward septal dip that is
followed by normal leftward motion rather than rightward sep-
tal motion during systole (abnormal); this is called benign, or
nonparadoxical, LBBB."”

Ll()()

1-107

Limitations

Analysis of septal motion for RV overload conditions is not
reliable in the presence of conduction delays, particularly
LBBB. Moreover, in postcardiac surgery patients, septal

motion abnormalities, although common, are not correlated to
LV or RV function; they appear to be caused by excessive for-
ward cardiac motion from fixation of the heart anteriorly by
postoperative sternal-cardiac adhesions.'?”"''"

Right Ventricular Afterload Changes
Right Ventricular Wall Thickness

Right ventricular wall thickness (RVWT) is a useful param-
eter for the diagnosis of RV hypertrophy, which usually is the
result of RV systolic pressure overload over time (chronicity),
although it also is seen in patients with substantial LV hyper-
trophy, including HCM."''*!"

Technique

With TTE, the subcostal 4-chamber or parasternal long-axis
view is preferred. With TEE, the transgastric short-axis view
can be used. The M-mode vector should be aligned perpendic-
ular to the RV free wall, and the RVWT should be measured
at end-diastole while carefully excluding trabeculations, papil-
lary muscle, and epicardial fat. The ASE provides a cutoff
value of >5 mm for RV hypertrophy.'*">'"?

Clinical Implications

In patients with chronic RV overload, RV hypertrophy mea-
sured by M-mode TTE predicts increased RV systolic pres-
sures; RV wall thickness >4 mm predicts pulmonary
hypertension with excellent sensitivity (97%) and specificity
(90%) in this patient population, although it is not uncommon
for these patients to have an RVWT >10 mm.""* In contrast,
in a single study, patients with acute RV overload (acute respi-
ratory distress syndrome, acute cor pulmonale) were observed
to develop an acute, reversible increase in RVWT after
48 hours of positive pressure ventilation, up to an average of
6.5 mm.""” Such a phenomenon supports the concept that
regional changes in RV structure and function may be early
markers of the risk of severe RV dysfunction.''” In another
study, RV hypertrophy documented by M-mode TTE in
patients with HCM was significantly associated with more
severe disease features (severe LV hypertrophy, supraventricu-
lar arrhythmias, and ventricular tachycardia).’'®

Limitations

In the presence of thickened visceral pericardium, measurement
of the RVWT may be challenging. A careful evaluation of the RV
free wall in the subcostal and parasternal long-axis view should be
considered complementary for final thickness grading.

Right Ventricular Outflow Tract Obstruction
RVOT obstruction (RVOTO), defined as a peak RV-to-pul-

monary artery systolic gradient >25 mmHg, is a source of
hemodynamic derangement within surgical populations that
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may arise either from a fixed or dynamic obstruction.''” The
reported incidence of RVOTO in the cardiac surgical popula-
tion ranges from 1% to 4%."'" Risk factors for the develop-
ment of RVOTO include anatomic hypertrophy and an acute
decrease in physiological afterload.' "

Technique

With TEE, the RVOT view may be obtained from the mideso-
phageal RV inflow-outflow view, with the M-mode vector placed
through the area of narrowing proximal to the pulmonary valve.
Advancement of the omniplane, with rotation of the probe slightly
to the right, will avoid foreshortening, and generally the entire
RVOT can be observed just proximal to the pulmonary valve.'"”
The diagnosis of obstruction is confirmed with end-systolic oblit-
eration of the RVOT cavity, which may be accompanied by sys-
tolic fluttering of the pulmonary valve, which may be seen on both
M-mode and color Doppler modalities."'”'*" In TTE, the paraster-
nal short-axis view can be used to view the RVOT, with a similar
approach to the RVOT FS previously described.'"”

Clinical Implications

Physical compression from mediastinal structures, hematoma,
or surgical manipulation can result in extrinsic RVOTO,
whereas acute decreases in afterload or preload or increases in
contractility can result in intrinsic RVOTO. The resultant hemo-
dynamic instability from RVOTO can be dynamic with chang-
ing physiological parameters or can be fixed with relatively
static anatomic restrictions."'” Populations reported to be at risk
for RVOTO include patients postcardiopulmonary bypass,
patients with HCM, or lung transplantation recipients.''’"''*'?!
Of note, the lung transplantation population, because of both
chronic RV remodeling and a decrease in RV afterload associ-
ated with new graft implantation, is at risk for acute or delayed
RVOTO, even months after transplantation.l 18,121

Limitations

Foreshortening of the RVOT in either the TTE or TEE
image planes can result in a false diagnosis of end-systolic
obliteration using M-mode. Extrinsic compression due to ana-
tomic structures or hematoma may result in echocardiographic
artifacts limiting the view of the RVOT in TTE windows. The
quality of parasternal short-axis windows also may be limited
perioperatively in lung transplantation patients who underwent
a clamshell surgical approach. Table 3 provides a summary of
the M-mode echocardiographic parameters of RV function.

Volume Status and Responsiveness

Inferior Vena Cava in Spontaneously Breathing Patients

The IVC is a compliant blood vessel; its caliber is altered by
intravascular volume status, right-sided heart function, and
respiration.'**'** In normovolemic, spontaneously breathing
patients, inspiration (or a brief sniff) causes negative

intrathoracic pressure, which in turn increases venous return to
the right side of the heart and consequently decreases (or col-
lapses) the IVC lumen diameter. In hypovolemic, spontane-
ously breathing patients, the IVC collapse is exaggerated.

Technique

After a standard subcostal TTE view is obtained, the RA is
placed in the middle of the sector width, and the probe is
rotated counterclockwise until the probe marker is pointing
cephalad (12-o’clock position); the IVC should be seen on its
longitudinal axis, the junction between the IVC and RA must
be kept on the screen, and the M-mode line should be placed
perpendicularly and across the IVC at 2 to 3 cm before its
entry to the RA (see Fig 9, A).3 The IVC diameter (IVCA) is
measured at end-expiration. The IVC collapsibility index
(cIVCQ) is calculated as follows:

cIVC=IVCd—max —IVCd—min/ITVCd—max x 100

where IVCd-max is the maximum IVCd (end-expiration) and
IVCd-min is the minimum IVCd (inspiration) (see Fig 9, C).5 N

Clinical Implications

In spontaneously breathing patients, IVC measurements
accurately predict right atrial pressure (RAP),'** which allows
for prompt identification of extremely hypovolemic patients
and facilitates the echocardiographic calculation of right-sided
heart pressures (RV and pulmonary artery systolic pres-
sures).”>'?” The ASE has established the following cutoff val-
ues: IVCd <2.1 cm that collapses >50% with a sniff suggests
a RAP of 3 mmHg (0-5 mmHg) (see Fig 9, B); IVCd >2.1 cm
that collapses <50% with a sniff suggests a RAP of 15 mmHg
(10-20 mmHg). If the IVC diameter and percentage collapse
do not fit this paradigm, a value of 8 mmHg (5-10 mmHg) is
recommended as the estimated RAP.”*'?° Lastly, in patients
who are unable to adequately perform a sniff, an IVC that col-
lapses <20% with quiet inspiration suggests high RAP.””

Fluid responsiveness is universally defined as an increase in
cardiac index or cardiac output of >15% after intravascular vol-
ume expansion (ie, fluid challenge).'””'*’ In the past decade,
several studies have evaluated the utility of cIVC as a predictor
of fluid responsiveness and as a guide for fluid management in
spontaneously breathing, critically ill patients with acute circula-
tory failure. 127-131 Three studies—those of Muller et al.,'*° Preau
et al.,"’" and Airapetian et al.'”’—found that under spontaneous
breathing, cIVC values of 40%, 41%, and 42% or more, respec-
tively, could predict fluid responsiveness with good specificity
but poor sensitivity (see Fig 9, C). Moreover, Preau et al.'”!
included only patients with septic shock and compared the cIVC
after a standardized versus spontaneous breathing technique.
With a standardized breathing technique, a cIVC >48% pre-
dicted fluid responsiveness with a sensitivity of 84% and speci-
ficity of 90%. In another small study of 14 patients with septic
shock, Lanspa et al.'?’ found that a cIVC cutoff value of 15%
could exclude fluid responsiveness (negative predictive value of
100%). However, the patient populations in these studies were
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Table 3

M-Mode Echocardiographic Parameters of Right Ventricular Function
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Parameter Echocardiographic Views Clinical Correlation of Abnormal Values Main Limitations
TAPSE TTE: A4C <17 mm =RV dysfunction and prognostic Unreliable in the presence of RWMA, prior
TEE: TG4C factor in pulmonary hypertension, tricuspid valve annuloplasty, and RV
pulmonary embolism, ARDS, congestive dilation
heart failure, postcardiotomy shock Challenging image acquisition in ICU
patients
SEATAK TTE: SC Significantly correlated with TAPSE Novel parameter, yet to be validated
Easy image acquisition
RVOT FS TTE: PSAX-AV <32% =RV dysfunction; worse outcomes in ~ Unreliable in patients with high central venous
pulmonary embolism pressure
Ventricular septum TTE: PLAX, PSAX-MP RV volume overload: Lack of predictability of septal wall motion

A: Leftward shift (bowing) or
flattening
B: Paradoxical septal motion

TEE:

TGSAX

A, During diastole (sparing of LV
deformation at end of systole)
RYV pressure overload:

A, At end-systole/early diastole
Constrictive pericarditis:

abnormality and the degree of RV
dysfunction

A, at early diastole (important for
distinguishing from restrictive
cardiomyopathy)

Left bundle branch block, anteroseptal
infarction, postcardiotomy (transient):
B, During systole

Arrhythmogenic RV cardiomyopathy:
B, During diastole

>4 mm, in chronic RV

overload = pulmonary hypertension
Extrinsic compression (eg, mediastinal

structures, hematoma, surgical

manipulation); intrinsic compression (eg,

RVWT TTE: SC

TEE: TGSAX HCM
RVOTO TTE: PSAX

TEE: MEIO

>5 mm =RV hypertrophy; worse outcomes in Challenging image acquisition in the presence

of thickened visceral pericardium

Slight thickening (5-6 mm) has been

described in acute cor pulmonale (ie, ARDS)
Challenging image acquisition, especially in

extrinsic compression and lung

transplantation

acute decreases in afterload or preload,
increases in contractility)

Particularly useful after cardiotomy bypass,
HCM, lung transplantation

Abbreviations: A4C, apical 4-chamber view; ARDS, acute respiratory distress syndrome; HCM, hypertrophic cardiomyopathy; ICU, intensive care unit; LV, left
ventricular; MEIO, midesophageal right ventricular inflow-outflow view; PLAX, parasternal long-axis view; PSAX-AV, parasternal short-axis view, aortic valve
level; PSAX-MP, parasternal short-axis view, midpapillary level; RV, right ventricular; RVOTO, right ventricular outflow tract obstruction; RVOT FS, right
ventricular outflow tract fractional shortening; RVWT, right ventricular wall thickness; RWMA, regional wall-motion abnormalities; SC, subcostal view;
SEATAK, subcostal echocardiographic assessment of tricuspid annulus kick; TAPSE, tricuspid annular plane systolic excursion; TEE, transesophageal
echocardiography; TG4C, transgastric 4-chamber view; TGSAX, transgastric short-axis view; TTE, transthoracic echocardiography.

small and considerably homogenous. Overall, it appears that
either very large or very small values of cIVC may have some
utility in reliably predicting or excluding fluid responsiveness in
patients with acute circulatory failure, particularly that due to
sepsis. The cIVC therefore should be interpreted cautiously and
be used as a complementary tool and not as a single parameter to
guide fluid therapy. Many ultrasound protocols for critically ill
patients have, nonetheless, included cIVC assessment as an
important parameter.'**'**

Among spontaneously breathing patients undergoing elec-
tive noncardiac surgery, intravascular fluid therapy guided by
cIVC before spinal anesthesia was found to be an effective
method to prevent postspinal anesthesia hypotension.'”

Limitations

Spontaneous breathing implies complex and variable physio-
logical and hemodynamic effects that place a natural limit on the

use of a dynamic parameter, as follows: (1) translation movement
of the IVC due to respiration mechanics prevents measuring the
IVCd at the same point at different times throughout a respiratory
cycle'®; (2) spontaneously breathing patients who are critically
ill, especially those with dyspnea, have a wide range of breathing
patterns, which causes inconsistent tidal volumes and intrathoracic
pressures in a given patient and among different patients; and (3)
IVCd is affected by diaphragmatic motion, which varies substan-
tially according to the strength of inspiratory effort at the moment
of measurement. A recent study'®’ found that high inspiratory
effort predicted a cIVC >40%.

Furthermore, there is no consensus on the exact anatomic
location for the IVC measurements, and therefore different
locations have been used across studies. Wallace et al.'** dem-
onstrated that measurements taken at the junction of the RA
and IVC are not equivalent to those at other sites. Also, in
healthy young athletes, the IVC may be dilated in the presence
of normal RAP."** Moreover, IVC measurements may not be
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feasible in the operating room, and in patients on mechanical
ventilators, IVC measurements do not correlate with RAP;
however, in this same patient population, an IVC diameter
<1.2 cm accurately predicted RAP <10 mmHg, and a small
and collapsed IVC suggested hypovolemia.””

Inferior Vena Cava in Mechanically Ventilated Patients

In contrast to spontaneously breathing patients, patients
receiving mechanical ventilator support have positive intratho-
racic pressure during inspiration, which in turn decreases
venous return to the right-sided heart chambers and conse-
quently increases (or distends) the IVC lumen diameter. This
distention is assumed to reflect a preload reserve; the higher
the distention, the higher the preload reserve.

Technique

Although mainly measured by TTE with the technique pre-
viously described, IVCd and respiratory variation as measured
by TEE also are reliable and particularly useful in anesthe-
tized, mechanically ventilated patients; this can be achieved
from a standard bicaval long-axis view.'*’ For reproducibility
purposes, the studies cited in the following investigated venti-
lated patients without spontaneous breathing efforts and with
the following standard ventilator settings when measuring
IVCd: tidal volume of 7 to 8 mL/kg, PEEP of 4 to 6 cmH,0,
and breathing rate of 15 to 18 respirations/min.

Clinical Implications

Two studies—those of Barbier et al.'*” and Feissel et al.'*'—
investigated respiratory variation in IVCd to predict fluid respon-
siveness in mechanically ventilated patients with acute circulatory
failure due to sepsis. Barbier et al.'*” studied the IVC distensibility
index (dIVC), which is calculated as follows:

dIVC=IVCd—max —IVCd —min/IVCd —min

where IVCd-max is maximum IVCd (end-inspration) and
IVCd-min is minimum IVCd (end-expiration). They showed
that a cutoff value of 18% predicted volume responsiveness
with a sensitivity of 90% and specificity of 90%. In contrast,
Feissel et al.'*' evaluated the TVCd variation index, which is
calculated as follows:

IVCd variation index
=IVCd—max—1VCd

—min/0.5(IVCd—max+IVCd—min) x 100

They found that a cutoff value of 12% predicted volume
responsiveness with positive and negative predictive values of
93% and 92%, respectively. Furthermore, both studies found a
strong correlation between IVCd respiratory variation and car-
diac output increase after volume expansion (ie, the higher the

IVCd respiratory variation before volume expansion, the greater
the increase in cardiac output in response to volume expansion)
(see Fig 9, D). Later, a dIVC value of >16% was found to be a
reliable predictor of fluid responsiveness in mechanically venti-
lated patients with subarachnoid hemorrhage.'*> These studies,
however, were done in small, homogenous series of patients. In
a recent multicenter study conducted among 540 unselected
patients with acute circulatory collapse of any cause, dIVC had
moderate accuracy and low sensitivity to predict fluid respon-
siveness.'*’ Overall, the usefulness of IVC respiratory variation
to predict fluid responsiveness in mechanically ventilated
patients appears to have considerable clinical relevance but
requires confirmatory studies.'**

Compared with IVCd respiratory variability, the end-expiratory
IVCd is expected to be a more feasible and reproducible parameter
that is less dependent on operator skills and ventilator set-
tings.'**'*" In an ancillary study'*® by Vignon et al.,'** end-expi-
ratory IVCd was moderately feasible (unable to obtain in 22% of
patients) and was substantially modified by high intra-abdominal
pressure (confounding factor), which was present in 30% of
patients. End-expiratory IVCd poorly predicted fluid responsive-
ness, with a specificity of 80% for cutoff values of <13 mm for
responders and >25 mm for nonresponders, although 70% of the
patients had values between these cutoffs. Similarly, in a small
cohort of 39 ventilated patients with septic shock, all patients who
were fluid responders had an end-expiratory IVCd <10 mm.""’
Thus, extreme values of end-expiratory IVCd might add some
value to guide fluid therapy but should not be used alone to predict
fluid responsiveness.

Limitations

The points discussed in the previous section (IVC in Spontane-
ously Breathing Patients) also should be taken into account here.
Furthermore, IVC measures do not estimate fluid responsiveness
when mechanical ventilation is performed with assisted modalities
(eg, pressure support ventilation) or in the presence of high intra-
abdominal pressures (abdominal compartment syndrome).'*>'*¢
It also is probable that the infusion of vasopressors, which is not
uncommon in patients with mechanical ventilation, can alter
IVCd respiratory variation.'**

Superior Vena Cava in Mechanically Ventilated Patients

In mechanically ventilated patients, the SVC, which has an
entirely intrathoracic location, collapses during inspiration;
the degree of SVC collapse has been closely correlated to
intravascular volume status.'*’

Technique

With TEE, the SVC is easily visualized using the high-esoph-
ageal view at the great vessels; M-mode—derived measures of
SVC diameter (SVCd) and respiratory variation are obtained by
placing the M-mode vector 1 to 2 cm away from the SVC entry
point into the RA (see Fig 10, A). The SVC collapsibility index
(cSVO) is calculated from a long-axis view of the SVC (rotating
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the ultrasound beam by 90 degrees), as follows:

cSVC =SVCd —max —SVCd—min/SVCd —max x 100

where SVCd-max is maximum SVCd (end-expiration) and
SVCd-min is minimum SVCd (end-inspiration) (see Fig 10, B).

Clinical Implications

In mechanically ventilated patients with acute circulatory fail-
ure, the cSVC has been proven to be a reliable predictor of fluid
responsiveness. In a series of 66 patients with septic shock,
Vieillard-Baron et al."** showed that a cSVC cutoff of 36% pre-
dicts fluid responsiveness with a sensitivity of 90% and a
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specificity of 100%. In a recent multicenter study'* including

540 mechanically ventilated patients with various causes of cir-
culatory shock, the cSVC had the best feasibility, specificity,
and diagnostic accuracy compared with pulse pressure and
IVCd respiratory variations, although its accuracy was much
lower than that reported in the previous study.

Limitations

SVC cannot be properly evaluated by TTE and thus strictly
requires TEE. Also, unlike IVCd and IVC collapse after sniff
maneuver, SVCd and cSVC do not reliably reflect RAP, which
is useful for RV pressure and pulmonary arterial pressure esti-
mates.'**'*” Table 4 provides a summary of the M-mode echo-
cardiographic parameters of volume status and responsiveness.

Table 4

M-Mode Echocardiographic Parameters of Volume Status and Responsiveness Assessments

Clinical Correlation of Abnormal Values

Main Limitations

Diameter <2.1 cm, collapses >50% during

Diameter >2.1 cm, collapses <50% during
sniff = RAP 10-20 mmHg (15 mmHg)

Diameter <2.1 cm, collapses <50% during sniff
or diameter >2.1 cm, collapses >50% = RAP 5-

Diameter <13 mm and >25 mm after standard
mechanical ventilation may predict fluid
responsiveness and unresponsiveness,

>40%-42% after spontaneous breathing
technique may predict fluid responsiveness in
acute circulatory failure, especially septic shock
>48% after standardized breathing technique
may predict fluid responsiveness in septic shock

>18% after standard mechanical ventilation may
predict fluid responsiveness in septic shock

>12% after standard mechanical ventilation may
predict fluid responsiveness in septic shock

Parameter Echocardiographic Views
End-expiratory IVC diameter TTE: SC
and sniff collapsibility sniff = RAP 0-5 mmHg (3 mmHg)

10 mmHg (8 mmHg)

End-expiratory IVC diameter TTE: SC
respectively

IVC collapsibility index TTE: SC

IVC distensibility index TTE: SC

IVC diameter variation index TTE: SC

SVC collapsibility index TEE: HE

>36% after standard mechanical ventilation may
predict fluid responsiveness in septic shock
Optimized cutoff values: 4%, high sensitivity;
31%, high specificity

In healthy young athletes, IVC may be dilated
in the presence of normal RAP

Moderately feasible
Very low sensitivity and low positive
predictive value
Unreliable in the presence of high intra-
abdominal pressures (abdominal
compartment syndrome)

Poor reproducibility because of extreme
variability in exact anatomic location for
IVC measurement, IVC translation
movement, spontaneous breathing pattern
and technique, and diaphragmatic motion
among patients

Poor reproducibility because of extreme
variability in exact anatomic location for
IVC measurement and IVC translation
movement
Unreliable in the presence of high intra-
abdominal pressures (abdominal
compartment syndrome), vasopressor
agents, and assisted mechanical ventilation
modalities (pressure support ventilation)

Poor reproducibility because of extreme
variability in extact anatomic location for
IVC measurement and IVC translation
movement. Unreliable in the presence of
high intra-abdominal pressures (abdominal
compartment syndrome), vasopressor
agents, and assisted mechanical ventilation
modalities (pressure support ventilation)

Unreliable for RAP estimates

Abbreviations: HE, high-esophageal view; IVC, inferior vena cava; RAP, right atrial pressure; SC, subcostal view; SVC, superior vena cava; TEE, transesophageal
echocardiography; TTE, transthoracic echocardiography.
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Fig 11. Cardiac tamponade assessment by transthoracic echocardiography. (A) Two-dimensional image of subcostal window, 4-chamber view describing the
image acquisition before M-mode imaging of right ventricular free wall inversion in a patient with cardiac tamponade; the M-mode line (gray line) is placed
through the collapsed right ventricle, ventricular septum, and left ventricle; then, M-mode imaging can be recorded. (B) M-mode image of right ventricular free
wall inversion (arrow) during diastole (bracket below electrocardiographic tracing) in a patient with cardiac tamponade. (C) M-mode image of inferior vena cava
plethora in a patient with cardiac tamponade (ie, large inferior vena cava diameter without respiratory variation). (D) M-mode image of respiratory variation in ven-
tricular septal motion in a patient with large pericardial effusion and cardiac tamponade. During inspiration (arrows) there is leftward shift (toward the left ventri-
cle) of the ventricular septum, whereas during expiration (arrowheads) there is normal motion of the ventricular septum. LV, left ventricle; PE, pericardial

effusion; RV, right ventricle; VS, ventricular septum.

Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved.

Specific Applications

Cardiac Tamponade

The most important first step in the management of pericar-
dial effusion is to determine the presence of tamponade physi-
ology and the potential need for urgent pericardiocentesis.'
The most reliable echocardiographic indicators of impending
tamponade are: (1) early diastolic RV free-wall inversion'”'
(see Fig 11, A and B), (2) dilated IVC with absent respiratory
variation (IVC plethora)'ze (see Fig 11, C), and (3) exagger-
ated respiratory variation in peak mitral (>30%) and tricuspid
(>60%) blood flow velocities.'”> Two of these 3 indicators
use M-mode imaging.

Technique

Because RV inversion or collapse has been found to be most
prominent in the RVOT,"”" this parameter usually is evaluated
using the parasternal long-axis view (TTE), with the M-mode
vector placed perpendicular through the RV free wall,
although the parasternal short-axis or subcostal views also can
be used.

Clinical implications

Although RV collapse can be evident using 2D TTE, M-
mode recording helps to identify, with more accuracy, subtle
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chamber collapse and to confirm it is truly in diastole, particu-
larly early diastole (at the end of the T wave on the electrocar-
diogram), when the RV intracavitary pressure is lowest and
therefore is exceeded by the intrapericardial pressure.'™'>! In
the presence of large pericardial effusion, a pattern of cardiac
motion including 2 or more cardiac cycles can be identified on
M-mode imaging; this alternating motion affects the electro-
cardiogram, causing the classic pattern of electrical alter-
nans.'”? Furthermore, M-mode also permits observation of
ventricular interdependence along the respiratory cycle. Dur-
ing inspiration, the RV dilates because of increased systemic
venous return, RV diastolic collapse ceases, and the VS shifts
leftward, which consequently restrains LV performance (see
Fig 11, D). During expiration, the opposite is observed (con-
ventional diastolic RV collapse and normal VS and LV config-
uration)."” Tamponade physiology also causes retrograde
congestion along the IVC."”” The IVC therefore dilates (diam-
eter >2.1 cm) and does not change throughout the respiratory
cycle (see Fig 11, C). However, IVC dilation obviously is not
specific to this situation.

Cardiac tamponade is nonetheless a clinical diagnosis that
commonly requires echocardiography solely for identifying
the pericardial effusion. In any case, the aforementioned
parameters are useful to monitor response to intervention and
the hemodynamic effect of effusion reaccumulation.'””

Limitations

In patients with constrictive pericardial disease, tamponade
may not cause diastolic RV collapse.'”” In the very rare situa-
tion in which cardiac tamponade is associated with profound
hypovolemia (eg, trauma patients), the IVC may dilate only
after fluid expansion.

Left Ventricular Outflow Tract Obstruction

Although dynamic LVOTO due to SAM of the mitral valve
initially was linked only with HCM, it is now known to be
associated with various conditions, including abnormal mitral
valve apparatus, complicated aortic or mitral valve repair,'°
subaortic stenosis, hypertensive LV hypertrophy, myocardial
infarction, general anesthesia,’”” and in patients with structur-
ally normal hearts with septic shock'”® or on catecholamine
therapy.®-'°"'°? In general, SAM occurs in hypovolemic and
hypercontractile states. The onset and duration of mitral leaf-
let-septal approach, which is used to grade SAM, are best
depicted by M-mode imaging on TTE or TEE.'**'**

Technique

With TTE, the parasternal long-axis view is used; with TEE,
the midesophageal long-axis view is used. The M-mode vector
must be placed through the anterior leaflet of the mitral valve.
The electrocardiogram tracing is needed to correlate the M-
mode imaging with the cardiac cycle.

Clinical Implications

Although septal hypertrophy, which can be measured with
M-mode imaging, may also contribute to dynamic obstruction
of the LVOT in patients with HCM, SAM of the mitral valve
definitively has the primary role, which makes the M-mod-
e—derived measurement of SAM a high-yield tool.'® More-
over, demonstration of early aortic valve closure using
M-mode imaging, and the same view for SAM, is a helpful
finding that supports the diagnosis of SAM and consequent
LVOTO.*" The ASE recommends echocardiography as the
imaging modality of choice for screening, diagnosis, monitor-
ing, and therapy guidance in patients with HCM.""'

In the ICU or operating room, hypotensive patients may be
receiving inotropic therapy with or without vasopressors; how-
ever, if the patient is relatively hypovolemic and also has con-
ditions associated with SAM, catecholamine therapy may
result in LVOTO and consequent paradoxical hemodynamic
deterioration.'*®'"-'°? Furthermore, SAM as a cause of peri-
operative hypotension usually develops in low-preload states,
which may result from absolute hypovolemia (volume deple-
tion) or relative hypovolemia (secondary to the vasodilatory
effects of anesthetic agents or anaphylaxis).'®® Thus, LVOTO
due to SAM can be easily unrecognized as the cause of hypo-
tension or refractory shock, which may result in an erroneous
treatment regimen that further deteriorates the hemodynamic
status of the patient.'(’I M-mode TTE or TEE, which is the
simplest method for detecting SAM, provides feasible screen-
ing and early detection of this condition.

Limitations

In patients with HCM, appropriate echocardiographic
assessment of dynamic LVOTO requires, in addition to M-
mode TTE, pulsed- and continuous-wave Doppler measure-
ments for detailed localization of the site of obstruction and
determination of the peak gradient.'®’

Aortic Dissection

Although TEE is considered the diagnostic standard evalua-
tion tool for aortic dissection, both TEE and TTE are recom-
mended by the ASE.'**'*” The utility of M-mode imaging in
the diagnosis of aortic dissection was described long ago and
proved useful and feasible'’*"'"'; however, its current applica-
tion is rather limited.

Technique

In both TEE and TTE, M-mode imaging is particularly useful
for identifying the intimal flap, distinguishing the true lumen
from the false lumen, and identifying artifacts, which are funda-
mental steps in the diagnosis of aortic dissection. In early sys-
tole, the pressure in the true lumen increases, expanding the
true lumen and compressing the false lumen; M-mode imaging
allows for accurate visualization and temporal correlation with
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Table 5
M-Mode Echocardiographic Parameters of Specific Pathologic Conditions

Pathologic Process Echocardiographic Views

Clinical Correlation of Abnormal Values

Main Limitations

Cardiac tamponade TTE: PLAX, PSAX, SC

RV collapse at early diastole
Leftward shift and flattening of ventricular
septum during inspiration

Unreliable in constrictive pericardial disease,
profound hypovolemia, positive-pressure
mechanical ventilation, and status asthmaticus

IVC plethora (IVC diameter >2.1 cm with
absent respiratory variability)

LVOTO TTE: PLAX
TEE: MELAX
Aortic dissection TTE: PLAX
TEE: HE false lumen, artifacts

Systolic anterior motion of the mitral valve

Identification of the intimal flap, true lumen,

Confirmation of LVOTO requires additional
Doppler parameters

Affected by aortic root aneurysm or abscess,
mobile atherosclerotic plaque, dilated or
calcified aortas, tumor, or superimposed vessels

Abbreviations: HE, high-esophageal view; IVC, inferior vena cava; LV, left ventricular; LVOTO, left ventricular outflow tract obstruction; MELAX,
midesophageal long-axis view; PLAX, parasternal long-axis view; PSAX, parasternal short-axis view; RV, right ventricular; SC, subcostal view; TEE,

transesophageal echocardiography; TTE, transthoracic echocardiography.

the cardiac cycle of the expansion of the true lumen and the
related motion (or fluttering) of the intimal flap.'”>'"*

Clinical Implications

Aortic dissection can present intraoperatively as sudden
hemodynamic instability or hypoxia; in this scenario, rescue
intraoperative TEE is a valuable tool that accurately identifies
the intimal flap and tear entry, distinguishes the true from the
false lumen, detects involvement of coronary artery ostia, and
evaluates the presence and degree of aortic insufficiency and
pericardial effusion. 174175 pyrthermore, artifacts found in
TEE imaging of the ascending aorta may be interpreted as inti-
mal flap (false-positive); however, unlike artifacts, intimal flap
motion, which is best visualized by M-mode imaging, is unre-
lated to that of the aortic wall and instead is related to the car-
diac cycle."”""'"° In this way, M-mode—derived information
improves the sensitivity, specificity, and positive predictive
value of TEE for the diagnosis of aortic dissection.'’' More-
over, when the intimal flap is located on the aortic arch, TEE
may not identify it correctly; this phenomenon is known as the
“blind spot.” In this scenario, TTE complements TEE by pro-
viding a better assessment of the artic arch.'”’

In the only large study evaluating M-mode TTE measurements
for the diagnosis of aortic dissection, by D’Cruz et al., 178 the com-
bination of M-mode and 2D TTE imaging proved to be a reliable
and sensitive (88%) combination for the diagnosis of ascending
aortic aneurysm, although much less for the diagnosis of descend-
ing thoracic aortic aneurysm. Interestingly, in this patient popula-
tion, because of the potential impingement of a dilated ascending
aorta on the chest wall to the right of the sternum, a right paraster-
nal window (ie, the ultrasound probe placed over the second or
third right intercostal space and perpendicular to the chest wall)
provided better visualization of the ascending aorta than did the
conventional left parasternal window.

Limitations

False-positive images of intimal flaps have been reported in
patients with aortic root aneurysm or abscess, mobile

atherosclerotic plaque, dilated or calcified aortas, tumor, or
superimposed vessels, especially prominent valves within
large innominate veins.'””"*" Table 5 provides a summary of
the M-mode echocardiographic parameters of cardiac tampo-
nade, LVOTO, and aortic dissection.

Conclusion

Resurgence of M-mode ultrasonography for newer applications
in anesthesia and critical care settings appears reasonable. The
increasing availability of multiple complementary monitoring sys-
tems is a hallmark of the contemporary perioperative medical
practice. Indeed, echocardiography performed by noncardiologist
physicians has enhanced inquisitiveness and has introduced many
measurements that, although accurate, do not necessarily fit into
an extremely dynamic scope of practice. M-mode echocardiogra-
phy meets the pragmatism demanded by the contemporary anes-
thesiology and critical care medicine practice because it provides
reliable, clinically relevant information that also is widely avail-
able and easily and quickly obtained. M-mode has the best tempo-
ral resolution among ultrasound modalities, is available with most
basic ultrasound machines, requires standard sonographic views
and single linear measurements, is interpreted based on simple
pattern recognition, and is supported by a considerable body of lit-
erature.
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