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Perioperative Assessment of Myocardial Deformation

Andra E. Duncan, MD, Andrej Alfirevic, MD, Daniel I. Sessler, MD, Zoran B. Popovic, MD,

and James D. Thomas, MD

Evaluation of left ventricular performance improves risk assessment and guides anesthetic
decisions. However, the most common echocardiographic measure of myocardial function, the
left ventricular ejection fraction (LVEF), has important limitations. LVEF is limited by subjective
interpretation that reduces accuracy and reproducibility, and LVEF assesses global function
without characterizing regional myocardial abnormalities. An alternative objective echocardio-
graphic measure of myocardial function is thus needed. Myocardial deformation analysis, which
performs quantitative assessment of global and regional myocardial function, may be useful
for perioperative care of surgical patients. Myocardial deformation analysis evaluates left ven-
tricular mechanics by quantifying strain and strain rate. Strain describes percent change in
myocardial length in the longitudinal (from base to apex) and circumferential (encircling the
short-axis of the ventricle) direction and change in thickness in the radial direction. Segmental
strain describes regional myocardial function. Strain is a negative number when the ventricle
shortens longitudinally or circumferentially and is positive with radial thickening. Reference
values for normal longitudinal strain from a recent meta-analysis by using transthoracic echocar-
diography are (mean £ SD) =19.7% * 0.4%, while radial and circumferential strain are 47.3% +
1.9% and —23.3% + 0.7%, respectively. The speed of myocardial deformation is also important
and is characterized by strain rate. Longitudinal systolic strain rate in healthy subjects averages
—1.10 + 0.16 s7*. Assessment of myocardial deformation requires consideration of both strain
(change in deformation), which correlates with LVEF, and strain rate (speed of deformation),
which correlates with rate of rise of left ventricular pressure (dP/dt). Myocardial deformation
analysis also evaluates ventricular relaxation, twist, and untwist, providing new and noninvasive
methods to assess components of myocardial systolic and diastolic function. Myocardial defor-
mation analysis is based on either Doppler or a non-Doppler technique, called speckle-tracking
echocardiography. Myocardial deformation analysis provides quantitative measures of global
and regional myocardial function for use in the perioperative care of the surgical patient. For
example, coronary graft occlusion after coronary artery bypass grafting is detected by an acute
reduction in strain in the affected coronary artery territory. In addition, assessment of left ven-
tricular mechanics detects underlying myocardial pathology before abnormalities become appar-
ent on conventional echocardiography. Certainly, patients with aortic regurgitation demonstrate
reduced longitudinal strain before reduction in LVEF occurs, which allows detection of subclinical
left ventricular dysfunction and predicts increased risk for heart failure and impaired myocardial
function after surgical repair. In this review, we describe the principles, techniques, and clinical

application of myocardial deformation analysis.

diovascular complications and death after cardiac! and
noncardiac surgery.** Evaluation of LV performance

thus impacts risk assessment and guides anesthetic deci-
sions. However, the most common echocardiographic mea-
sure of myocardial function, the LV ejection fraction (LVEF),
has numerous limitations, including subjective interpreta-
tion> and dependence on ventricular loading conditions

l eft ventricular (LV) dysfunction increases risk for car-
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and heart rate. Furthermore, considerable operator experi-
ence with conventional 2-dimensional (2D) echocardiogra-
phy is required to identify regional myocardial dysfunction.®
A reliable and reproducible quantitative measure of regional
and global myocardial function could improve preoperative
risk stratification and guide anesthetic management when
acute changes in myocardial function occur.

Myocardial deformation analysis is an echocardiographic
approach to quantify global and regional myocardial func-
tion, thus allowing assessment of perioperative systolic
and diastolic ventricular function. This technique evaluates
myocardial kinesis, based on yelocity gradients measured
by Doppler or displacement of speckles from 2D images
in 3 directions/axes: longitudinal shortening (from base to
apex), circumferential shortening (encircling the short axis of
the ventricle), and radial thickening (in the transverse direc-
tion from endocardium to epicardium) (Fig. 1). Myocardial
deformation analysis quantifies change of regional myocar-
dial segments in these 3 dimensions by using strain (g) and
strain rate (SR) that provide semiobjective, quantitative mea-
sures of global and regional myocardial function.”

Quantitative evaluation of cardiac mechanics, including
myocardial velocities'” and strain,®!'-'* has been reviewed in
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Radial
-—

Circumferential Longitudinal

Figure 1. Myocardial deformation occurs in the longitudinal (base to
apex), radial (or “transverse”), and circumferential dimension (encir-
cling the short axis of the ventricle). “Reprinted with permission
from Cleveland Clinic Center for Medical Art & Photography © 2013.
All Rights Reserved.”

the medical literature including a consensus statement on
indications and methodology of strain from the American
Society of Echocardiography and European Association of
Echocardiography.? Our review will summarize prin-
ciples and applications of myocardial deformation, with
particular reference to intraoperative transesophageal echo-
cardiography (TEE).

Myocardial Strain

Strain is a unitless measure, defined as the proportional
change in length between 2 time points, that is described
in unit measurements of percent (%). For a myocardial seg-
ment, Lagrangian strain is the fractional change in length
of an object compared with its original length. Lagrangian
strain is described by the equation:

e=(L-L,) /L,=AL/I,

!

AL

End-diastole

Figure 2. Strain describes fractional change of a myocardial seg-
ment length compared with its initial length (at end-diastole). ¢
= myocardial strain; L = length at end-systole; L, = initial length.
“Reprinted with permission from Cleveland Clinic Center for Medical
Art & Photography © 2013. All Rights Reserved.”

End-systole
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where & = myocardial strain, L = length at end-systole,
L, = initial length measured at end-diastole (Fig. 2).%* Strain
can also be calculated as instantaneous (Eulerian or natu-
ral) strain, which describes strain relative to its length at a
previous moment in time, rather than relative to its original
length. Natural strain is calculated as:

Natural strain = In (1 + Lagrangian strain), where In is
the natural logarithm. This review will refer to Lagrangian
strain as “strain” unless otherwise noted.

During systole when the LV shortens in the longitudinal
and circumferential direction, L becomes less than L, result-
ing in negative longitudinal and circumferential strain. In
contrast, radial thickening results in L, becoming greater
than L; thus, radial strain is positive.

Myocardial strain is illustrated by strain curves, with
time depicted on the x-axis and percent strain on the y-axis.
The LV is divided into 6 myocardial segments with corre-
sponding, color-coded strain curves. Myocardial shortening
during LV contraction is demonstrated by negative curves
for longitudinal and circumferential strain, while radial
strain is demonstrated by positive strain curves reflecting
systolic thickening. Strain curves return to baseline at end-
diastole (Figs. 3, 4 and 5; Video 1, see Supplemental Digital
Content 1, http:/ /links.lww.com/AA / A696).

Because myocardial segments do not always achieve
peak myocardial deformation at the same time, especially
in patients with electrical or mechanical dyssynchrony, the
exact time of segmental strain measurement during the
cardiac cycle affects the measured value. For example, end-
systolic strain is strain measured precisely at end-systole,
defined by time of aortic valve closure. This value may
differ from peak systolic strain, which is a measurement
of peak deformation at any point during systole (Table 1,
Fig. 3). Global strain represents average strain for all myo-
cardial segments and can be calculated in the longitudinal,
circumferential, and radial direction. When describing an
alteration in strain, most adhere to the convention of using
the absolute value to describe the change of strain (e.g., a
change of —18% to —12% reflects a “decrease” in strain).

Strain Rate

SR is the temporal derivative of strain and is defined as the
change in strain per unit time and described in per second
of unit measurements. SR describes speed of myocardial
deformation or the rate of shortening or lengthening of a
myocardial segment. SR is defined as:

SR=Ae/ At

where € = myocardial strain and t = time. Full assessment
of myocardial deformation requires consideration of both
strain (amount of deformation) and SR (speed of deforma-
tion). Strain and SR provide complementary information
because patients with similar strain measurements may have
different SR. For example, segmental strain in professional
football players is similar to sedentary controls, but SR in
midseptal and midlateral walls is increased.!> Furthermore,
dobutamine infusion has minimal effect on strain but sig-
nificantly increases SR in nonischemic myocardium.!

SR signals have more noise than strain; similar to strain,
they are displayed with time on the x-axis and SR on the
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Assessment of Myocardial Deformation

20.00 %

B

Diastole

G.C. Strain=-25%

Systole

Figure 3. Longitudinal strain analysis assessed
with Cardiac Motion Quantification (CMQ) (Philips
Medical Systems, Andover, MA). A, Midesophageal
2-chamber echocardiographic view depicting the
left ventricle (LV), where the myocardial walls
are divided into 6 segments distinguished by
colorcoded labels and dots. Segmental strain
measurements are shown adjacent to each seg-
ment. The myocardium is colored in shades of red
corresponding to percent longitudinal shortening
(strain) measured by the red-to-blue scale on the
upper right-hand side. B, Longjtudinal strain curves,
which are color-coded to correspond to myocardial
segments in A, with time on the x-axis relative to
the cardiac cycle and percent shortening (strain) on
the y-axis, demonstrate shortening during systole
and returning to baseline at end-diastole. The pink
curve, for example, represents the apical anterior
wall that experiences peak shortening of —26%
during systole (yellow dot identifies peak systolic
strain). In contrast, end-systolic strain, measured at
time of aortic valve closure (AVC), measures —23%,
demonstrating that peak strain may differ from end-
systolic strain. The dotted white curve represents
global longitudinal strain. BA = basal anterior; MA
= mid anterior; ApA = apical anterior, Bl = basal
inferior; Ml = mid inferior; Apl = apical inferior myo-
cardial walls; G.L.Strain = global longjtudinal strain;
AVC = aortic valve closure. “Reprinted with permis-
sion from Cleveland Clinic Center for Medical Art &
Photography © 2013. All Rights Reserved.”

Figure 4. Circumferential strain analysis assessed
with CMQ. A, This transgastric midpapillary short-
axis view of the LV is divided into 6 segments
distinguished by color-coded labels and dots.
Segmental strain measurements are shown adja-
cent to each segment. The myocardium is colored
in shades of red-to-blue according to the scale on
the right-hand side demonstrating the percent cir-
cumferential shortening (strain). B, Circumferential
strain curves, with time on the x-axis and percent
shortening (strain) on the y-axis corresponding
to similarly color-coded myocardial segments
in A, demonstrate shortening during systole and
return to baseline at end-diastole. Peak systolic
circumferential strain is marked by a yellow dot.
G.C. Strain = global circumferential strain; MIS =
midinferoseptal; Ml = midinferior; MIL = midinfero-
lateral; MAL = midanterolateral; MA = midanterior;
MAS = midanteroseptal wall. “Reprinted with per-
mission from Cleveland Clinic Center for Medical
Art & Photography © 2013. All Rights Reserved.”

y-axis (Fig. 6). Similar to strain curves, systolic shortening Typically, SR peaks in mid-systole and then decelerates to

in the longitudinal and circumferential directions produces zero at end-systole. A biphasic pattern occurs during iso-

negative SR, while radial thickening produces positive SR. volumic periods.”” Average longitudinal systolic SR in

March 2014 e Volume 118 ¢ Number 3
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Radial Strain

Systole AVC Diastole Systole

subjects without cardiovascular disease measured by trans-
thoracic echocardiography is (mean + SD) -1.10 = 0.16 s71.18

SR diastolic curves consist of an early (SRg) and late peak
(SR,), corresponding to early LV filing and atrial contrac-
tion. SR reflects the time constant of LV relaxation and
regional stiffness.!” SR, represents passive LV “stretching”
by propagation of pressure and flow caused by atrial sys-
tole.?® Diastasis is represented by the relatively flat portion
between these peaks when SR is near zero. Average SR; in
healthy subjects is 1.55 + 0.16 s71.18

Methods for Measurement of Myocardial Strain
and Strain Rate
Strain and SR were initially described with sonomicrom-
etry, which involves implantation of ultrasonic crystals
in the LV to assess myocardial fiber shortening and
changes in ventricular dimensions.??> There are 2 echocar-
diographic techniques/methods that have been developed
to assess LV deformation noninvasively, which include
tissue Doppler imaging (TDI) and speckle-tracking
echocardiography.

Measurements of strain by using TDI are derived by
integrating SR over time. Myocardial tissue velocities are

528 www.anesthesia-analgesia.org

31.6688
31.3846

AVC Diastole

44.5723
36.5834

Figure 5. Radial strain analysis assessed
with Velocity Vector Imaging (VVI) (Sie-
mens Medical Solutions, Malvern, PA). A,
This transgastric midpapillary short-axis
echocardiographic view depicts the LV,
where the direction and relative length
of arrows demonstrate direction and
amplitude of myocardial velocities. B,
Peak radial strain for 6 myocardial seg-
ments is displayed in this table. C, Strain
curves of 2 cardiac cycles with time on
the x-axis and percent radial strain on
the y-axis. These curves are color-coded
to correspond to the myocardial seg-
ment described in similarly colored text
in B. Peak radial strain is identified with
similarly colored dots. Please note that
radial strain is positive since the ventri-
cle thickens in the radial direction. AVC
= aortic valve closure. “Reprinted with
permission from Cleveland Clinic Center
for Medical Art & Photography © 2013.
All Rights Reserved.”

measured at 2 points relative to the transducer.'*!* SR is esti-
mated from the spatial velocity gradient described as

SR=(v,-v,)/d

where v, — v, represents the difference in myocar-
dial velocities at points a and b, and d represents distance
between these points.

Measurement of TDI strain requires an optimized 2D
image and rapid frame rates to resolve regional velocities
and calculate SR. It is important to note that alignment of the
Doppler beam with the myocardial region of interest is nec-
essary, because an angle of incidence >20° will result in inac-
curate measurements. Strain is calculated from each sample
volume and displayed in graphical format. TDI strain has
been validated by using sonomicrometry in animals®?* and
magnetic resonance imaging (MRI) in humans.??2

TDI strain has important limitations. As mentioned
above, TDI strain is angle-dependent and can only accu-
rately measure the component of motion parallel to the
ultrasound beam direction. This limitation affects its use in
the operating room because the transesophageal approach
has limited ability to modify the incident beam angle. Thus,
a myocardial wall that curves inward toward the apex or

ANESTHESIA & ANALGESIA
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Assessment of Myocardial Deformation

‘. Video Available Online

Video 1. Clip 1, Longitudinal strain analysis of the left ventricle (LV)
is depicted in this midesophageal 2-chamber echocardiographic view.
A demonstrates speckle-tracking where a constantly changing layer
of color is superimposed on the LV. This color “overlay” represents
the percent longitudinal shortening (strain) measured by the red-to-
blue scale in the upper right-hand corner. Red color denotes longitu-
dinal shortening and greater shortening is shown as a darker shade
of red. Blue denotes myocardial lengthening. Each LV segment has a
color-coded label that provides the peak segmental strain measure-
ment and corresponds to the similarly colored strain curve shown in
B. Longitudinal strain curves in B demonstrate longitudinal shortening
with time on the x-axis and percent strain on the y-axis. The dotted
white line represents the global (average) longitudinal strain. G. L.
Strain = global longitudinal strain; AVC = aortic valve closure. Clip 2,
Circumferential strain analysis of a transgastric LV short axis is shown.
A demonstrates speckle-tracking where a color “overlay” reflects the
percent circumferential shortening (strain) during the cardiac cycle
measured by the red-to-blue scale in the upper right corner. Red color
denotes shortening and blue denotes lengthening. Each LV segment
has a color-coded label that provides the peak segmental strain mea-
surement and corresponds to similarly colored strain curves shown
in B. Circumferential strain curves in B demonstrate circumferential
shortening with time on the x-axis and percent strain on the y-axis.
AVC = aortic valve closure; G. C. strain = Global circumferential strain.

demonstrates a vector of motion that is poorly aligned with
the ultrasound beam may result in underestimated myocar-
dial velocities and strain (Fig. 7). Furthermore, TDI strain
provides only the axial component of strain aligned with
the ultrasound scan line; thus, TDI strain measures only
longitudinal deformation from long-axis views of the LV.
From the transgastric short-axis window, it is possible to
assess radial deformation of the anterior or inferior walls
from the short axis®” and circumferential deformation in

the septum and lateral wall. It is important to note that
myocardial deformation with TDI may be compromised by
tethering or translation.

TDI strain is also limited by reverberation or dropout
artifacts, which interfere with measurement of myocardial
velocities and result in inaccurate strain or SR estimates.
Furthermore, if the color scale is set too low during measure-
ment of TDI strain, color velocity data can alias to the oppo-
site direction. Poor tracking of the sample volume provides
noisy data that are difficult to interpret, and inadvertent
inclusion of velocity measurement from immobile tissue or
artifact in the sample volume adversely affects calculations.?”
TDI strain has a relatively low signal-to-noise ratio and
requires considerable experience for correct interpretation.”
Also, because the analysis includes operator-dependent func-
tions, including the position of the sample volume, TDI strain
is semiobjective. Because of these limitations, other methods
to calculate myocardial strain have been developed.

Speckle-tracking echocardiography is a newer, non-
Doppler angle-independent technique for measurement
of myocardial strain. Speckle-tracking assesses myocardial
movement and deformation by tracking “speckles” in echo-
cardiographic images. A unique pattern or “fingerprint”
of bright and dark pixels, or speckles, in standard B-mode
(2D) echocardiographic images remains fairly consistent
within a small region in the myocardium. These speckles,
which are constructive and destructive interference patterns
generated by reflected ultrasound from inhomogeneous
myocardial tissue, are tracked from one frame to another
throughout the cardiac cycle. A software algorithm extracts
displacement, velocity, SR, and strain within the defined
myocardial segment (Fig. 8).

Because displacement of the region of interest is measured
relative to the previous frame rather than the ultrasound
beam, speckle-tracking strain measurements are angle-
independent. In contrast to TDI strain, which measures
strain along the ultrasound beam, speckle-tracking strain
calculates deformation in 2 axes and thus can measure strain
simultaneously in the longitudinal and transverse direction
from long-axis views, and radial and circumferential direc-
tion from short-axis views (Fig. 9). Speckle-tracking strain is
less susceptible to tethering or translation artifacts: ischemic
myocardial segments may demonstrate displacement and
velocity due to tethering, but if deformation does not occur,
regional strain and SR will be near zero, thus distinguish-
ing active contraction from passive motion. Speckle-tracking

Table 1. Definitions

Strain (g; %)

The proportional change in myocardial length between end-diastole and end-systole

&= (L - Lo)/LO = AL/L,

End-systolic strain (%)

Peak systolic strain (%)

Global strain (%)

Prestretch

Postsystolic shortening (or postsystolic strain)
Strain rate (SR; s™)

Rotation (°)

LV twist (°)

Torsion (°/cm)

Strain measured at end-systole (defined as the time of aortic valve closure)

Strain measured at time of greatest systolic deformation

Average strain for all myocardial segments

Brief lengthening of myocardial segment in early systole before systolic shortening

Peak strain occurring in early diastole

Change in strain per unit time, SR = Ag/At

Degrees of LV rotation viewed from the apex

Rotation of the apex relative to the base or the absolute apex-to-base difference in rotation
Apex-to-base gradient in the rotation angle of the LV long axis where the twist angle is

divided by the distance between base and apex

LV = Left ventricle; e = strain; L= length at end-systole; L, = initial length measured at end-diastole; t = time (seconds); SR = strain rate.
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SEGMENTAL

1000 1600 o

Figure 6. Strain rate (SR) analyses assessed with EchoPAC (GE Healthcare, Horten, Norway). A, LV in this midesophageal commissural view
is divided into 6 color-coded myocardial segments. B, Longitudinal SR curves corresponding to similarly colored myocardial segments in A
are shown. The rate of longitudinal systolic shortening is demonstrated by a negative SR curve. Peak systolic SR is labeled with a pink dot.
Following peak systolic SR, the SR curve returns toward zero at time of aortic valve closure (AVC) followed by a biphasic curve during isovolu-
metric relaxation (between AVC and mitral valve opening [MVO]). Phases of diastole are demonstrated as peak early diastolic SR (SRg), labeled
with an orange dot, and late diastolic SR (SR,), corresponding to atrial contraction and marked with a yellow dot. Diastasis, a relatively flat
portion of the curve between early and late diastole, has a SR near zero. “Reprinted with permission from Cleveland Clinic Center for Medical

Art & Photography © 2013. All Rights Reserved.”

strain and SR provide robust measurements of myocardial
deformation with acceptable intraobserver and interob-
server variability,® which correlates with sonomicrometry in
dogs under changing loading conditions and regional isch-
emia,” and in humans measured by MRI tagging.?

Speckle-tracking echocardiography is limited by its depen-
dence on the quality of echocardiographicimages, which affect
the ability to track the speckle pattern and endocardial border.
Inadequate tracking may occur because the complicated 3D
motion of the heart causes out-of-plane motion, making it dif-
ficult to track speckles from image to image. Also, acoustic
shadowing and reverberations interfere with frame-by-frame
tracking that decrease accuracy of measurement.

530 www.anesthesia-analgesia.org

Speckle-tracking uses lower frame rates (typically 50 to
90 frames/s) than TDI strain, which may result in move-
ment of the speckle pattern outside the search area and poor
tracking.'* Furthermore, lower frame rates may compro-
mise the ability to capture rapid events during the cardiac
cycle. Thus, SR measurements, which require high tempo-
ral resolution, may be less accurate with speckle-tracking
than TDL* Because strain analysis with speckle-tracking
also involves operator-dependent functions, such as posi-
tioning of the region of interest and approval of myocardial
tracking, quantification of global and regional measures by
using this technique are semiobjective. But despite these
limitations, speckle-tracking provides a simpler, more

Figure 7. Tissue Doppler imaging (TDI)
strain. A, A midesophageal long-axis
view with color tissue Doppler. B, The
operator positions 3 sample volumes
(yellow, aqua, and red circles) within the
inferolateral wall to measure TDI strain
at each point. C, Demonstration of the
myocardial vector of motion by using VVI
strain analysis software documents sub-
optimal alignment with the ultrasound
beam. D, Strain curves from the “encir-
cled” region in B are shown in the corre-
sponding color. Three cardiac cycles are
shown, and peak systolic strain for each
region is identified by a pink dot. The
“red” sample volume positioned near-
est to the apex demonstrates the lowest
strain because of poor alignment of the
region of interest and vector of motion
with the ultrasound beam. “Reprinted
with permission from Cleveland Clinic
Center for Medical Art & Photography ©
2013. All Rights Reserved.”
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Assessment of Myocardial Deformation

reproducible, and angle-independent technique to estimate
strain in the operating room and serves as the best option
for assessing intraoperative regional myocardial function.

Intraoperative Deformation Analysis

The following discussion describes intraoperative analy-
sis of myocardial deformation by using TDI and speckle-
tracking methods with TEE. High-end echocardiographic
machines, including the Vivid E9 (GE Healthcare Vingmed
Ultrasound AS, Horten, Norway), that uses Automated
Function Imaging, and the IE33 (Philips Ultrasound,
Andover, MA), which uses Cardiac Motion Quantification,
have built-in capability of calculating strain by using TDI
and speckle-tracking methods, allowing intraoperative
myocardial deformation analysis.

Measurement of Strain with TDI

Analysis of TDI myocardial strain requires excellent qual-
ity 2D echocardiographic images with optimal visualization
of myocardial tissue and endocardial border. Artifacts that
cause shadowing and reverberations that interfere with track-
ing should be minimized. TDI strain is angle-dependent,
and thus, adequate alignment of the ultrasound beam with

March 2014 e Volume 118 ¢ Number 3

Figure 8. Myocardial deformation mea-
sured by speckle-tracking echocardiog-
raphy tracks myocardial movement
and deformation by using the speckles
in echocardiographic images. These
sequential echocardiographic frames
provide an example of the tracking of
a unique pattern or “fingerprint” in the
myocardial region of interest (yellow
box) from frame to frame to measure
myocardial deformation. The pink cir-
cles within the box represent myocardial
speckles, which experience shortening
in the longitudinal direction and thick-
ening in the transverse direction. RV =
right ventricle; LV = left ventricle; LA =
left atrium. “Reprinted with permission
from Cleveland Clinic Center for Medical
Art & Photography © 2013. All Rights
Reserved.”

Figure 9. A, Long-axis views of the left
ventricle measure longitudinal (shorten-
ing) and transverse (thickening) strain.
B, Short-axis views of the left ventricle
measure circumferential (shortening
around the circular LV) and radial (thick-
ening) strain. “Reprinted with permis-
sion from Cleveland Clinic Center for
Medical Art & Photography © 2013. All
Rights Reserved.”
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the region of interest and the vector of myocardial motion is
necessary to ensure accurate measurement. TEE midesopha-
geal 4-chamber view may allow adequate beam alignment for
measurement of longitudinal TDI strain in the inferoseptal
and basal anterolateral wall. Narrowing the image sector of a
single myocardial wall may improve beam alignment'' and
frame rate and thus the analytical ability of Doppler deforma-
tion techniques. Radial strain may be measured in the inferior
or anterior wall by using a transgastric short-axis view.

TDI strain requires use of color tissue Doppler for image
acquisition by using a frame rate >100 frames/s to resolve
regional velocities and calculate SR. The velocity scale is
adjusted to avoid aliasing. Three beats by using color tissue
Doppler with a clear electrocardiogram signal are stored in
raw data format. Sample volumes are placed on the prere-
corded echocardiographic clips in properly aligned basal-,
mid-, or apical segments. It is important to note that only
areas where the vector of motion lies reasonably along the
Doppler plane should be assessed. Furthermore, the posi-
tion of a sample volume that is stationary will not track myo-
cardial movement, and thus, the region of interest may not
remain within the sampling area during the cardiac cycle.
For this reason, some software programs allow manual
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frame-by-frame adjustment of the position of the sample
volume to track the region of interest throughout the cardiac
cycle. However, manual adjustment of the sample volume
position is tedious and thus poorly suited for the intraopera-
tive environment. After the sample volume is appropriately
positioned, strain or SR mode is selected in the software
analysis software, and the results are displayed. (Fig. 7)

Measurement of Strain with Speckle-Tracking
Echocardiography

A step-by-step process for intraoperative myocardial strain
analysis is demonstrated in Table 2, Fig. 10, and Video 2,
see Supplemental Digital Content 2, http://links.lww.
com/AA/A697. Analysis of myocardial deformation by
using speckle-tracking echocardiography requires opti-
mal 2D echocardiographic images. Speckle-tracking strain
is angle-independent; thus, the ultrasound beam does not
need to align with the direction of motion or region of inter-
est. Collection of midesophageal long-axis, 4-chamber, and
2-chamber (between 60° and 90°) echocardiographic clips
with a similar heart rate (within 10 beats/min) is required
for analysis. Shadowing from mitral calcification or a pros-
thetic mitral valve that obscures visualization of the myo-
cardium and thus interferes with tracking of the speckles
should be avoided. Images with poor endocardial border
definition may also be susceptible to poor tracking (Video 3,
see Supplemental Digital Content 3, http:/ /links.lww.com/
AA/A698). Sometimes, slight angle adjustment or anteflex-
ion/retroflexion of the TEE probe may avoid artifacts and
improve visualization and thus tracking of the myocardium.

An electrocardiogram with clearly defined P waves and
QRS complexes is required for the accurate timing of the
cardiac cycle. Closure of the aortic valve, which defines end-
systole and thus the temporal relationship of deformation
measures, can be determined by direct visualization from
2D echocardiographic images, spectral Doppler, or M-mode
imaging of the aortic valve. If aortic valve closure is difficult
to identify, some analysis programs automatically identify
end-systole by calculating the average time to peak strain
within each myocardial segment.

The technique for longitudinal deformation analysis is
preset in some vendor-specific software, where strain analy-
sis begins with placement of markers in a still frame of the
midesophageal long-axis echocardiographic image. These
markers are placed on the endocardial border adjacent to
the mitral and aortic valve annulus, with another marker
at the LV apex. The position of these markers is processed
creating a colored pattern overlaying the LV in the “region
of interest” that “tracks” myocardial motion throughout the
cardiac cycle. The user visually reviews the tracking of the
myocardium and, if acceptable, confirms that this pattern
follows myocardial contraction accurately. If the tracking
pattern does not adequately follow the endocardial border
(Video 3, see Supplemental Digital Content 3, http:/ /links.
lww.com/AA/A698), endocardial markers may need repo-
sitioning. If a segment of the LV consistently tracks poorly
as described above, an untrackable segment is best excluded
to avoid contamination of global calculations. The user can
exclude segments simply by not confirming acceptable
tracking. Most vendor-specific software will still calculate
global strain if one of 6 segments is not tracked.
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Once users confirm acceptable tracking of myocardium,
the analysis program calculates frame-to-frame displace-
ment of the speckle pattern throughout the cardiac cycle
and displays segmental and global longitudinal strain.
After strain analysis is completed in the 3 chosen views,
some software programs incorporate deformation param-
eters into a “bull’s-eye” view to provide an overall picture
of global and regional LV function by using numerical and
color-coded parameters (Fig. 10, lower right panel). Most
strain analysis software, however, is oriented toward the
transthoracic echocardiography perspective.

For research purposes, a more comprehensive analy-
sis can be performed off-line by using advanced research
software programs such as EchoPAC (GE Healthcare) or
QLab (Philips Ultrasound), which provide detailed infor-
mation about strain parameters and substantial opportu-
nity to adjust preferences and data collection procedures.
Another software package called Velocity Vector Imaging
(VVI, Syngo Velocity Vector Imaging technology, Siemens
Medical Solutions, Mountain View, CA) uses a novel
method of feature-tracking that incorporates speckle-track-
ing with tracking of the endocardial contour; it can be used
with any ultrasound image in standard Digital Imaging and
Communications in Medicine (DICOM) format and can thus
be used on recordings from various vendors. Additional
software options are detailed in Table 3.

Interpretation of “Normal” Strain Values
Normal reference values for longitudinal, circumferential,
and radial strain are shown in Table 4. It is important to
note that these “normal” reference values were measured by
transthoracic echocardiography in healthy subjects who were
awake and breathing spontaneously.'®! Thus, these values
may vary from patients who are anesthetized and whose
lungs are mechanically ventilated and evaluated with TEE.
Certainly, the choice of transthoracic versus transesophageal
approach may affect strain measures.’>*®> And since general
anesthesia affects myocardial function, strain measured
in anesthetized patients may differ from norm reference val-
ues. Furthermore, intraoperative events such as pericardial
opening impact ventricular function and hemodynamic mea-
sures®” and may affect intraoperative strain. For these rea-
sons, strain measured in the operating room may differ from
published normal reference values. Unfortunately, reference
values specific for anesthetized patients measured by TEE are
unavailable. Thus, current options are limited to reference
values acquired from transthoracic echocardiography.
Technical factors affect strain measures, including
whether Doppler versus non-Doppler methods or which
data postprocessing techniques or software analysis pack-
ages are used.®® Software options for strain analysis and a
comparison of these software options are shown in Tables 3
and 5. It is interesting to note that despite presumed differ-
ences with software analysis and techniques, 1 recent meta-
analysis reported that strain measurements were not affected
by the choice of analysis package, although there may have
been insufficient heterogeneity of echocardiographic equip-
ment to thoroughly evaluate this variable.* It is important
to note that when strain is measured with TEE by using the
same analysis software under similar conditions, results are
highly reproducible in the operating room.* A comparison
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Assessment of Myocardial Deformation

Table 2. Image Acquisition for Strain Analysis with Speckle-Tracking Echocardiography

Strain measurement Step

Longitudinal strain 1

Action

Optimize echocardiographic image and adjust
settings

2  Collect a midesophageal 4-chamber, 2-chamber,
and long-axis view

3 Record time of aortic valve closure

4 In midesophageal long-axis view, tracking of the

endocardial border is performed by placement
of markers by the operator to identify the

Comment

Narrow image sector, adjust frame rate between 40 and 90
fps, and adjust settings to record 3 heart beats.

Ensure the ventricle is seen in entirety throughout the
cardiac cycle. Optimize visualization of the endocardium.
Heart rate needs to be similar (within10 beats/min) in
all views.

Use 2D long-axis view, CW Doppler or M-mode through
aortic valve.

EchoPak, CMQ require only 3 points (endocardial borders
of mitral and aortic annulus and apex). Exclude
ventricular trabeculae from the region of interest.

region of interest
5 Process image
6  Review tracking results

7  Readjust tracking of the myocardial segments if

necessary

The software will “track” the ventricle.

Critically review the tracking of the region of interest to
ensure that the region of interest follows true ventricular
deformation. Adjust width of the region of interest to the
thickness of the myocardium.

Most software programs allow adjustment of the
endocardial border/myocardium by a click and “pull”
process.

8  “Accept” tracking when the overlay tracing
appears true to ventricular deformation

9  Review strain analysis results

Strain curves, peak strain values, and a color M-mode display,
which demonstrate ventricular deformation over time
according to the red-to-blue scale, are shown.

10 Repeat process for the 4-chamber and 2-chamber

views
11  If available, select bull's-eye view

Radial and circumferential 12

strain view

13  Determine aortic valve closure time

14  Trace endocardial border
15 Process image
16  Review tracking results

17  Readjust tracking of myocardial segments if

necessary

18  “Accept” tracking when the overlaid tracing

Collect transgastric midpapillary LV short-axis

Software programs, including EchoPAC, CMQ, will combine
peak strain results from all 3 views into a “bull’s-eye”
plot.

Optimize visualization of the endocardium. Confirm the
short-axis image is circular and not an oblique cut.

May already be entered from above analysis

The software will “track” the ventricle.

Critically review the tracking of the ventricle by ensuring
that the overlay tracing follows true ventricular
deformation.

Most software programs allow you to adjust the
endocardial border/myocardium by a click and “pull”
process.

Strain results will be shown.

appears true to ventricular deformation

LV = left ventricle.

of myocardial function and strain calculations in patients
with normal, moderately decreased, and severely decreased
myocardial function is shown in Video 4, see Supplemental
Digital Content 4, http:/ /links.Iww.com/AA /A699.

The Effect of Loading Conditions and Heart Rate
on Strain and SR
Because myocardial deformation reflects the interaction
between myocardial loading conditions and contractil-
ity, changes in loading conditions influence myocardial
deformation. SR is highly correlated with LV end-systolic
pressure-volume relationship and the rate of rise of LV pres-
sure (dP/dt) and thus is a robust noninvasive measure of
LV contractility.*** However, dP/dt and other measures of
myocardial contractility are subject to changes in contractile
state, preload, and afterload*; thus, strain and SR may also
be affected.

Changes in loading conditions affect all components of
myocardial deformation. In animals, longitudinal strain
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and SR were reduced when afterload was increased,
whereas increased preload increased strain and SR by
the Frank Starling mechanism.** Radial and circumferen-
tial strain are sensitive to changes in afterload, while SR
is a more robust measure of contractility, because it is less
influenced by alterations in preload and afterload.*® Strain
is inversely related to heart rate in some* but not all ani-
mal models.#” Heart rate has less effect on Doppler SR
than strain.*? Because acute changes in load occur during
surgery, serial echocardiographic examinations performed
intraoperatively should take changes in heart rate, preload,
and afterload into consideration.

Measures of Right Ventricular Deformation

Deformation is useful for assessment of right ventricular
(RV) function. Because afterload is lower and compliance
is higher in the RV, RV velocities are consistently greater
than the LV. Because longitudinal shortening provides the
largest contribution to RV performance, RV function can be

www.anesthesia-analgesia.org 533


http://links.lww.com/AA/A699

=2 REVIEW ARTICLE

2D Images collected from mid-esophageal view (1, 2)

four-chamber

long-axis

mark endocardial border
with three points (4)

- o —— ..

process region of interest, review
and approve tracking results (5 - 8)

measure time of
aortic valve closure (3)

two-chamber

view results in bull’'s eye format (11)

Figure 10. Acquisition of longitudinal strain by using speckle-tracking echocardiography. Optimal 2D midesophageal long-axis, 4-chamber, and
2-chamber images are collected (1, 2). M-mode of the aortic valve determines time of aortic valve closure (3). In the long-axis view, the endo-
cardial border is marked (4). The region of interest is processed, reviewed, and approved by the operator (5-8). Results of strain analysis are
reviewed. The strain analysis includes strain curves, peak segmental strain values superimposed on the LV, and a color M-mode display, which
demonstrates myocardial deformation over time according to the red-to-blue scale (9). The process is repeated for the 4- and 2-chamber views
(10). LV longitudinal strain values from the 3 midesophageal views are shown in a bull’s-eye view (11). The numbers in parenthesis correspond
to steps listed in Table 2. “Reprinted with permission from Cleveland Clinic Center for Medical Art & Photography © 2013. All Rights Reserved.”

largely assessed by using longitudinal strain and SR. Global
RV strain and SR in healthy subjects are —29.5% = 5.5%
and -2.1 + 0.4 5. An RV ejection fraction of 250% is typi-
cally accompanied by systolic strain at the basal RV free
wall of —25%, and a SR of —4 s™! measured with TDI strain.*

‘B Video Available Online

Video 2. Step-by-step analysis to measure longitudinal strain.
Individual steps are summarized in Table 2.
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Subclinical RV dysfunction can be identified by strain
analysis. After mitral valve surgery, for example, reduced
RV longitudinal strain is evident in patients with normal 3D
RV ejection fractions.® Furthermore, asymptomatic patients
with diabetes demonstrate subclinical RV dysfunction with
reduced RV systolic strain, SR, and early diastolic SR.5! RV
strain and SR abnormalities are also seen with amyloidosis,
congenital heart disease, and arrhythmogenic RV cardio-
myopathy. In patients with chronic heart failure, RV strain
<-21% is associated with acute heart failure and death.*
Pulmonary hypertension significantly reduces RV strain
while also impacting LV strain and torsion.>

Twist and Torsion

Speckle-tracking provides a noninvasive alternative to
sonomicrometry and tagged MRI for evaluation of the com-
plex 3D contractile motion of the LV, dictated by the spiral
structure of the myocardial fibers. The subendocardium
consists of myocardial fibers oriented in a right-handed
helix evolving gradually into a left-handed helix in the sub-
epicardium.’®1? Subendocardial fibers are nearly longitudi-
nally oriented (an angle of approximately 80° with respect
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1\ B

‘B Video Available Online

Video 3. Clip 1, This midesophageal 2-chamber longitudinal strain
analysis of the LV demonstrates unacceptable speckle-tracking of
the left ventricle. Tracking does not follow the endocardial border and
the region of interest appears to be “bulging” in the inferior apical
region. In addition, the basal anterior wall (labeled with red dots)
exhibits opposite motion to LV contraction. Poor tracking may occur
because of suboptimal image quality and poor endocardial definition.
Please note that the corresponding strain curves appear “noisy” and
the measured global longitudinal strain is —=13.7%. Clip 2, The track-
ing of myocardial contraction has been revised, and tracking of the
endocardial border is greatly improved. The strain curves are more
homogenous and the measured global longitudinal strain is —20%.
AVC = aortic valve closure; EF = ejection fraction; GS = global strain.

to the circumferential direction of the heart); the midmyo-
cardial fibers are parallel to the circumferential direction (at
approximately 0°), and subepicardial fibers are at —60°.10-12
This ventricular structure enables a twisting or “wringing”
motion during systole (Fig. 11).

During isovolumic contraction, the apex briefly rotates
in a clockwise direction but quickly reverses into a coun-
terclockwise direction during ejection when viewed from
the apex. Concurrently, the base rotates in a clockwise direc-
tion around the LV long-axis.”®® This twisting motion of the
LV causes thickening and longitudinal shortening of the
myocardium, while concurrent circumferential shortening
causes LV ejection. Untwist, the subsequent recoil of twist,
occurs during diastole when restoring forces are released,
causing diastolic suction and facilitation of early LV filling.

Most untwisting occurs during isovolumic relaxation and is
completed during early diastole.® The terms, LV rotation,
twist, and torsion, describe the complex 3D myocardial
motion and are sometimes used interchangeably. For the
purpose of this discussion, LV rotation measures degrees
of rotation viewed from the apex,”® and LV twist is calcu-
lated as rotation of the apex relative to the base or, in other
words, the absolute apex-to-base difference in rotation is
measured in degrees® (Table 1). Torsion refers to the apex-
to-base gradient in the rotation angle of the LV long axis: the
apex-to-base twist angle is divided by the distance between
measured locations of the base and apex and is thus calcu-
lated in degrees per centimeter.'> Both TDI*® and speckle-
tracking echocardiography® allow calculation of twist and
torsion from LV short-axis views.

Normal value for twist in healthy volunteers is 7.7° =
3.5°. These values increase with age, likely because of less
opposition to apical rotation."? Thus, LV twist is higher in
healthy subjects older than 60 years of age compared with
those younger than 40 years old (10.8° + 4.9° vs 6.7° + 2.9,
respectively).% Apical wall motion abnormalities, however,
significantly impair LV twist. Delay of LV untwisting may
partially explain diastolic dysfunction in patients with LV
hypertrophy** and age-related diastolic abnormalities.?
Torsion, in contrast, is normally about 3° and does not
change significantly with age.” LV twist and untwist have
a profound impact on LV systolic and diastolic mechanics
and may allow detection of systolic and diastolic abnormal-
ities in surgical patients; however, perioperative application
of this technique requires further investigation.

Clinical Application of Strain

Myocardial deformation analysis objectively quantifies
alterations in LV function; thus, subtle changes in myo-
cardial function during the perioperative period can be
detected with strain analysis. Myocardial deformation anal-
ysis can differentiate between regional dysfunction, such as
coronary artery occlusion, and global myocardial dysfunc-
tion, such as ischemia-reperfusion injury. Because systolic

Table 3. Software Options for Strain Analysis

Vendor Software

GE Healthcare Vingmed
Ultrasound AS, Horten,
Norway

Automated function Yes
imaging (AFl), EchoPAC

Philips Healthcare, Andover, MA  Cardiac motion Yes
quantification (CMQ),
QLab
Siemens Medical Solutions, Velocity vector imaging No
Mountain View, CA
Toshiba Medical Systems, 2D wall motion tracking Yes
Tokyo, Japan
TomTec Imaging Systems, 2D cardiac performance No
Munich, Germany analysis
Epsilon Imaging, Ann Arbor, MI Echoinsight No

Vendor-specific

Ultrasound machine Comment

Vivid 7 and Vivid E9 Speckle-tracking; validated with

HARP-MRI118

Philips iE33 Speckle-tracking

Standard 2D B-mode clips Feature-tracking (speckle-tracking
with incorporation of endocardial
border); validated with
sonomicrometry.*°®

Artida and Aplio Speckle-tracking

Standard 2D B-mode clips  Speckle-tracking

Any ultrasound system. Proprietary tissue-tracking
technology applied to radio-
frequency and speckle data; uses
raw data rather than B-mode
images; allows adjustment of the
components of measurement
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Table 4. “Normal Values” for Longitudinal, Circumferential, and Radial Strain Measured by Transthoracic

Echocardiography with Various Ultrasound Systems and Software Analysis Packages

Author Approach Subjects
Yingchoncharoen  Meta-analysis of 24 studies 2597 subjects from 24
et al.®® by using various ultrasound studies

systems and speckle-tracking
software

Vivid 7 with EchoPAC (GE
Healthcare, Horten, Norway),
speckle-tracking

Artida 4D and 2D Wall Motion
tracking (Toshiba Medical
Systems), speckle-tracking

Vivid 7 with EchoPAC (GE
Healthcare, Horten, Norway),
speckle-tracking

Vivid 7 (GE Healthcare),
combination of TDI and
speckle-tracking

Vivid 7 with Automated Function
Imaging (GE Healthcare),
combination of TDI and
speckle-tracking

Vivid 7 (GE Healthcare), TDI with
fixed region of interest

Manovel et al.*1?
38 +12)

Manovel et al.**?
38 £ 12)

Marwick et al.*®
Dalen et al.3*
disease

Dalen et al.3*

Dalen et al.3*

28 healthy subjects, (age

28 healthy subjects, (age

242 healthy subjects

57 subjects free from
cardiovascular disease

57 subjects free from
cardiovascular disease

Circumferential strain Radial strain
-23.3% £ 0.7% 47.3% £ 1.9%

Longitudinal strain
-19.7% £ 0.4%

—21.95% + 1.8% —23.18% £ 3.3% 46.97% + 5.5%

—22.28% £ 2.1% —27.17% +4.7% 40.74% + 4.3%

-18.6% +1.6%

1266 free from DM or CV Females: =17.4% + 2.3%

Males: =15.9% + 2.3%

=17.4% + 3.4%

=17.7% + 8.5%

-18.4% + 5.9%

Dalen et al.3* Vivid 7 and Automated Function 57 subjects free from
Imaging (GE Healthcare), cardiovascular disease
speckle-tracking

Sun et al.*?° Vivid 7 (GE Healthcare), 228 healthy subjects

speckle-tracking
Kuznetsova et al.*?* Vivid 7 and EchoPAC (GE
Healthcare), TDI strain

480 subjects from a
general population

—20.4% + 3.4% —-22.9% *+3.1%  42.6% +12.9%

-22.9% £ 1.9% 59.2% + 2.5%

wall motion abnormalities occur within seconds of coro-
nary occlusion,® alterations in deformation appear quickly
after onset of ischemia in affected myocardial segments.
Thus, new regional wall motion abnormalities caused by an
acute coronary bypass graft occlusion can be identified by
an acute reduction in strain in the affected coronary artery
territory. In addition, strain measured with speckle-tracking
echocardiography can distinguish between true myocardial
contraction and passive myocardial segmental motion in
patients suspected of having a myocardial infarction. An
example of an acute transmural myocardial infarction caus-
ing severe hypokinesis and akinesia in affected myocardial
segments is shown in Fig. 12.

In contrast to regional alterations in strain caused by
coronary artery occlusion, ischemia and reperfusion injury
or myocardial stunning demonstrate global alterations in
myocardial deformation, which involve reductions in myo-
cardial strain in multiple myocardial segments without
directly corresponding to a specific coronary artery territory.
This distinction between regional and global alterations in
myocardial deformation is important, because regional
ischemia may prompt antiischemic or thrombolytic therapy
or possibly revascularization, whereas global myocardial
dysfunction occurring with hypotension or hemodynamic
instability suggests a need for generalized hemodynamic
support. Strain measurements may thus guide anesthetic
management and determine therapeutic intervention.

Early Detection of Myocardial Disease
Myocardial deformation imaging can detect subtle myo-
cardial pathology, and small decrements in myocardial
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performance before overt disease is apparent. In the follow-
ing sections, alterations in LV mechanics that characterize
various cardiac pathologies are discussed (Table 6).

Myocardial Deformation in Ischemic Heart
Disease
Patients with coronary artery disease demonstrate abnor-
mal myocardial deformation. Attenuated longitudinal
strain measurements provide an early indication of sub-
endocardial ischemia,®'-%* though nonischemic myocardial
regions may compensate for impaired systolic function with
increased shortening.®*® In patients with coronary artery
disease, longitudinal segmental strain cutoffs of —14.1%
and —6.65% detected ischemic and infarcted myocardial
segments, respectively.®> Patients with recent anterior wall
myocardial infarction demonstrate reduced radial and lon-
gitudinal strain, while greater reduction in circumferential
strain is seen if LVEF is reduced.%5

Deformation analysis may demonstrate distinct find-
ings suggestive of asynchronous myocardial contraction
during ischemia. For example, postsystolic shortening,
characterized by the occurrence of peak strain after end-
systole, is highly sensitive, although nonspecific, for
ischemia (Fig. 13).1606770 Prestretch, demonstrated by
early systolic lengthening before later systolic shorten-
ing, may occur with regional ischemia'® though prestretch
may be a normal finding related to slight conduction
delays.!12 Since visual recognition of asynchronous myo-
cardial contraction is unreliable,”! examination of strain
curves may permit early detection of asynchronicity in
the operating room.
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Table 5. Investigations Comparing Various Strain Analysis Software Programs
Strain analysis software
package

Study
Risum et al.1??

Subjects

with cardiac disease

Nelson et al.'>®

arrhythmias AS, Horten, Norway)

Manovel et al''2 28 healthy subjects

Sun et al.*2° 52 healthy subjects

Bansal et al.*18 30 patients with ischemic

heart disease

Vivid 7 (GE)

Koopman et al.*?* 34 children with or without Vivid 7 (GE) and iE33 (Philips)

heart disease

Biaggi et al.*'4 47 healthy subjects Vivid 7 (GE)
Patrianakos 37 volunteers Vivid 7 (GE) and iE33 (Philips)
et al.'?®

Ultrasound system
15 healthy and 15 subjects GE Vivid E9 or Philips iE33

100 patients without atrial Vivid 7 (GE Vingmed Ultrasound Echolnsight (Epsilon, Ann

Vivid 7 (GE) and Artida 4D
(Toshiba Medical Systems)

Vivid 7 (GE) and iE33 (Philips)

Results

Longitudinal strain had highest
reproducibility; circumferential
and radial strain had lower
reproducibility; echoPAC had
lower variability compared with
2D cardiac performance analysis

Strain with Image-Arena was
more negative; adjustment of
components of measurement
with Echolnsight resulted in more
similar strain measurements

Global longitudinal strain was
similar between EchoPAC and
2D wall motion tracking; limits of
agreement were larger for radial
and circumferential strain

Strain measured with QLab were
10% higher than measures from
GE system

AFI/EchoPAC vs. VVI; tagged VVI and AFl underestimated
harmonic phase (HARP) longitudinal strain compared
magnetic resonance with HARP-MRI; AFI strain
imaging (MRI) as reference  measurements were more
standard strongly correlated with HARP-
MRI compared with VI

Longitudinal strain values were
comparable between vendor-
independent and vendor-specific
software. Circumferential strain
was higher with vendor-
independent software. Radial
strain measured by vendor-
independent software was lower
than measured by EchoPAC and
higher than values measured
with QLAB

Longitudinal strain gradients
were similar between software
packages; however, peak
segmental strain in longitudinal,
circumferential, and radial
directions differed significantly
between software

GE and Philips echo stations
provided similar cutoff values
for longitudinal systolic strain
associated with LVEF >50%

EchoPAC (GE Vingmed
Ultrasound AS) and 2D
Cardiac Performance
Analysis (TomTec Imaging
Systems, Numich,
Germany)

Arbor, MI) vs Image-Arena
(TomTec Imaging Systems,
Unterschleissheim,
Germany)

EchoPAC vs 2D Wall Motion
Tracking (Toshiba)

EchoPAC vs QLab (Philips)

Vendor-specific software
(EchoPAC, QLAB) and
vendor-independent
software (Cardiac
Performance Analysis,
Tomtec Imaging Systems)

EchoPAC vs VI

EchoPAC vs QLab

Ischemic heart disease affects other variables of myocar-
dial deformation. For example, patients with myocardial
ischemia have reduced longitudinal and circumferential SR
at rest and during dobutamine stress echocardiography.®”>
Peak twist and untwist decreases after anterior wall myo-
cardial infarction corresponding to the severity of LV dys-
function.®® When LV deformation and twist mechanics are
significantly affected by ischemia, myocardial performance
worsens.

Because a delay in LV relaxation often precedes systolic
wall motion abnormalities,” indices of diastolic function
may provide earlier indications of ischemia.** For exam-
ple, early diastolic SR was significantly reduced in isch-
emic myocardial segments.®> And substantial delays in
early LV relaxation during exercise in patients with stable
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effort angina, measured as a radial strain diastolic index,
provided a sensitive method for detection of myocardial
ischemia.”

Myocardial Deformation in Valvular Disease
Patients with valvular disease experience ventricular remod-
eling as a consequence of chronic volume or pressure over-
load where structural and histopathologic changes to the
myocardium lead to a progressive decline in LV function.
If prolonged, LV remodeling becomes irreversible. Altered
strain patterns can identify subclinical decrements in LV
function, which may improve timing for surgical interven-
tion before irreversible myocardial dysfunction occurs.”>”®
LVEF is often preserved or increased in patients with
mitral regurgitation because of compensatory changes
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‘B Video Available Online

Video 4. Global longitudinal strain analysis in hearts with normal
myocardial function (LVEF = 60%-65%) with normal and abnormal
strain, moderate myocardial dysfunction (LVEF = 40%), and severe
myocardial dysfunction (LVEF = 25%). Echocardiographic clips from
the midesophageal long-axis, 4-chamber, and 2-chamber view are
shown for each case to illustrate myocardial performance. Each view
is followed by strain analysis and a summary with a bull’s-eye view.
LVEF = left ventricular ejection fraction.

in preload and afterload. However, despite normal LVEF,
asymptomatic patients with mitral regurgitation often
demonstrate reduced longitudinal and radial strain.”
Longitudinal SR may be more attenuated than circumfer-
ential or radial SR.”® Furthermore, LV untwisting is delayed

,i.w;f
¢ CCF

Figure 11. Model of LV myofiber structure and twist mechanics. The
contractile motion of the LV is dictated by the spiral structure of
the myocardial fibers. Subendocardial myofibers are wrapped in a
right-handed helix, subepicardial fibers are wrapped in a left-handed
helix, and midmyocardial fibers are oriented parallel to the circum-
ferential direction. Following a brief clockwise rotation of the apex
and opposite (counterclockwise) rotation of the base during iso-
volumic contraction, the subendocardial and subepicardial fibers
shorten concurrently during ejection, causing a “wringing” motion
of the apex and base in counterclockwise and clockwise directions,
respectively, when viewed from the apex. “Reprinted with permission
from Cleveland Clinic Center for Medical Art & Photography © 2013.
All Rights Reserved.”
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in patients with mitral regurgitation and may provide early
signs of LV dysfunction.”

Strain analysis allows detection of subclinical LV dys-
function,®® which may predict postoperative outcomes. In
patients with severe degenerative mitral regurgitation,
preoperative global longitudinal strain worse than —18%
was associated with abnormal postoperative LV function.”
Likewise, reduced preoperative longitudinal strain pre-
dicted a 10% or greater reduction in postoperative LVEE"””
Abnormal longitudinal and radial SR identified patients
at risk for irreversible myocardial damage.’! Moreover,
a recent study found that impaired longitudinal strain
worse than —19.9% predicted long-term LV dysfunction
after mitral valve repair.®? Thus, preoperative measures of
deformation predict postoperative myocardial function in
patients with mitral regurgitation.

Aortic regurgitation induces LV remodeling and a signif-
icant increase in LV end-diastolic volume, which can mask
onset of clinical LV dysfunction. However, strain analysis
detects reduced longitudinal strain in young athletes with
bicuspid aortic valves and mild aortic insufficiency,® though
others reported normal mechanics in patients with aor-
tic regurgitation.* Outer circumferential and radial strain
may actually increase in early stages to preserve LVEF and
compensate for reduced inner circumferential and radial
strain,® but in later stages of disease, radial and longitudi-
nal function decline.® Longitudinal and radial peak systolic
SR are reduced with advanced aortic regurgitation and are
inversely correlated with LV end-systolic and end-diastolic
volumes.¢

Preoperative detection of abnormal strain in patients
with aortic regurgitation may improve timing of surgical
intervention, resulting in improved myocardial function
and postoperative outcomes.” Reduced preoperative
systolic myocardial strain increases risk of heart fail-
ure, dilated LV, and impaired LV function after aortic
valve replacement surgery.” Decreased preoperative
radial SR <1.82 s was highly sensitive and specific for
detecting postoperative LVEF <50%.% Thus, detection
of abnormal LV mechanics may improve preoperative
risk stratification and provide an earlier opportunity for
clinical intervention in attempts to improve postopera-
tive outcomes.

Aortic stenosis results in progressive LV hypertrophy in
response to chronically increased afterload, but LVEF is pre-
served until late stages of disease. LV systolic longitudinal
strain and SR may nonetheless be attenuated early because
of interstitial fibrosis, and the presence of abnormal strain
may predict worse outcomes. Patients with asymptomatic
aortic stenosis demonstrate impaired global longitudinal
strain, especially in basal segments, and basal longitudinal
strain worse than —13% increased risk of rehospitalization,
aortic valve surgery, and death.% With progression of aor-
tic stenosis and interstitial myocardial fibrosis, deformation
analysis demonstrates reduced longitudinal, circumferen-
tial, and radial strain, with reduced SR.”*°! Twist mechanics
in patients with aortic stenosis are also affected, resulting
in increased apical rotation and greater LV torsion, perhaps
in compensation for increased intracavitary pressure.’
Fortunately, strain improves in all dimensions after aortic
valve replacement.”*
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Peak Systolic Strain

Baseline

Peak Systolic Strain

Following occlusion of the left anterior
descending coronary artery

Figure 12. Bull's-eye views depicting longitudinal strain measurements from the animal laboratory measured with transthoracic echocar-
diography. A red-to-blue scale in the upper right-hand corner of each panel represents percent strain, where greater percent shortening is
shown as a darker shade of red. Lengthening (dyskinesis) is displayed in shades of blue. A, Normal LV function in a dog at baseline. B,
Severe anterior, anteroseptal, anterolateral, and apical wall motion abnormalities in a dog following acute occlusion of the left anterior
descending coronary artery. “Reprinted with permission from Cleveland Clinic Center for Medical Art & Photography © 2013. All Rights

Reserved.”

Hypertensive Heart Disease and Other
Cardiomyopathies
Myocardial deformation is abnormal in hypertensive heart
disease because of chronically increased afterload, LV hyper-
trophy, and progressive myocardial fibrosis. Longitudinal
strain is reduced with hypertensive heart disease,*® which
correlates with markers of myocardial collagen turnover and
interstitial fibrosis.”” Circumferential strain, however, remains
normal or even increases in early stages.”® However, when
concentric LV hypertrophy develops, strain and SR decrease
in all directions.****% Diastolic dysfunction is evident with LV
hypertrophy by reduced early diastolic peak relaxation rate.**
Twist or torsion may decrease but occasionally experiences a
compensatory increase.”*”* Thus, subclinical abnormalities
are evident with myocardial deformation analysis.
Hypertrophic cardiomyopathy is characterized by myo-
cardial fiber disarray and eventual LV systolic and diastolic
dysfunction. Measurement of myocardial deformation

in patients with early disease detects global subclinical
systolic dysfunction with reduced longitudinal, radial,
and circumferential strain corresponding to the degree
of ventricular fibrosis'®1%! and associated with functional
status.!”® However, paradoxical systolic lengthening some-
times occurs.!® Longitudinal systolic and diastolic SR are
also reduced compared with subjects without disease.!® In
contrast, overall LV twist remains near normal, although
subtle rotation abnormalities may be present.!” LV untwist-
ing is slowed, and the increase in LV untwisting rate associ-
ated with exercise is blunted.>*

Dilated cardiomyopathy demonstrates diminished sys-
tolic strain and SR in all directions.*1%51% Interestingly,
global longitudinal strain is a better predictor of arrhyth-
mic events than LVEF in cardiomyopathy patients.!”
Torsional and diastolic deformation variables including
peak relaxation rate are also reduced,’*'® and LV rotation
is abnormal.'®

Table 6. Changes in Strain, Strain Rate, and Twist in Cardiovascular Disease

Strain
Disease Longitudinal Radial Circumferential
Coronary artery disease | (early) ! | or normal

Valve disease
Aortic regurgitation 1
Mitral regurgitation !
Aortic stenosis !

early) Any (early) | (late)

(late)
Hypertension 1 (early) !
Cardiomyopathy
Hypertrophic cardiomyopathy ! !
Nonischemic dilated ! !

cardiomyopathy

Diastolic and systolic heart failure | (early)

| or normal (early) |

1 (early) | (late)

Strain rate Twist or untwist

| (all directions) Normal or |

Any (early) | (late) | (all directions)
| (all directions)
| (longitudinal)

Normal or | untwisting
1 (late) Normal or 1 twist

Normal or 1 | (late) | all directions (late) Any
U l(longitudinal)

l l(all directions)

« twist, | untwist
Abnormal
1 (early) | (late) Normal or 1 (early) |
(late)

“y” denotes a decrease, “1” denotes an increase (usually a compensatory response), and “<” denotes no change. Because the literature has contradictory
findings, “any” denotes the fact that strain is reported to be increased, decreased, or maintained.
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Peak Systolic Strain

Figure 13. Strain analysis. A, This midesophageal long-axis view depicts the left ventricle divided into 6 color-coded myocardial segments.
Each segment is labeled with its peak strain measurement. Global longitudinal strain (GS) is abnormal (-10.6%). B, Postsystolic strain,
or “postsystolic shortening” can be seen in the basal (yellow curve) and midinferolateral (light blue curve) myocardial wall (yellow arrow).
Prestretch in the basal inferolateral (yellow) and apical anteroseptal (pink) myocardial region is also seen (green arrows). AVC = aortic valve
closure; GS = global strain. “Reprinted with permission from Cleveland Clinic Center for Medical Art & Photography © 2013. All Rights

Reserved.”

Diastolic and Systolic Heart Failure Syndromes
Patients with heart failure and preserved ejection fraction,
termed diastolic heart failure, have abnormalities of both
systolic and diastolic function at rest that worsen with exer-
cise as measured by stress echocardiography.'® Despite
the fact that patients with early diastolic heart failure may
maintain normal LVEF, they typically have attenuated lon-
gitudinal systolic strain compensated by preserved LV twist
and circumferential strain.!® A decrease in circumferential
strain reflects more advanced disease and is associated
with worse outcomes. Indeed, abnormal global circumfer-
ential strain predicted rehospitalization and cardiac death.’
Systolic heart failure demonstrates reduced circumferential
strain and LV twist'® consistent with late impairment of LV
function.”® Abnormal longitudinal strain predicts mortality
in patients with heart failure more accurately than LVEF/
and peak LV twist and untwisting rate are decreased in
patients with heart failure.™

The Future of Intraoperative Echocardiographic
Strain Assessment

The use of myocardial deformation analysis has clinically
important perioperative value. Because TDI strain is com-
promised by its angle-dependence, a significant limitation
especially when using the transesophageal approach, strain
measured with speckle-tracking echocardiography has
greater potential for intraoperative use. Strain measured
with speckle-tracking echocardiography is angle-inde-
pendent and can measure 2 axes simultaneously. Though
some software analyses programs loaded on the echocar-
diographic workstation currently provide only assessment
of longitudinal deformation, more options for measurement
of radial and circumferential strain may become available in
the future.

Speckle-tracking echocardiography is currently limited by
the lack of standardization among vendors.">" Fortunately,
there is currently a joint effort among the American Society of
Echocardiography, European Association of Cardiovascular
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Imaging and industry to standardize methodology for
speckle-tracking echocardiography. Standardization would
allow clinicians to comparably interpret results generated by
equipment from various vendors.

Three-dimensional speckle-tracking technology has been
introduced for transthoracic echocardiography'® but is not
yet available for TEE. This technology remains limited by
a low frame rate and poor temporal resolution. It is likely,
though, that 3D speckle-tracking will bypass limitations of
out-of-plane motion inherent in 2D imaging. Especially at
acceptable frame rates of 18 or 25 frames/s, 3D strain anal-
ysis appears to adequately estimate myocardial strain.!¢
Three-dimensional speckle-tracking may provide an oppor-
tunity to evaluate motion of all myocardial segments in a
single analysis step, thereby significantly reducing analysis
time.!"”

In summary, measurement of myocardial deformation
provides important quantitative information on global and
regional myocardial function. It is thus likely that echocar-
diographic evaluation of strain and SR will increasingly be
incorporated into clinical practice. That said, the technique
is relatively new, and more research will be required to
identify the diagnostic accuracy of different strain and SR
variables and their reproducibility in various disease states.
Future studies will also determine the extent to which strain
and SR measurements can enhance patient management
and improve postoperative outcomes.
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