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Recognizing the critical need for standardization in strain imaging, in 2010, the European Association of Echocardiography (now the European
Association of Cardiovascular Imaging, EACVI) and the American Society of Echocardiography (ASE) invited technical representatives from
all interested vendors to participate in a concerted effort to reduce intervendor variability of strain measurement. As an initial product of the
work of the EACVI/ASE/Industry initiative to standardize deformation imaging, we prepared this technical document which is intended to
provide definitions, names, abbreviations, formulas, and procedures for calculation of physical quantities derived from speckle tracking echocar-
diography and thus create a common standard.
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Introduction There is a growing body of evidence showing that the assessment

of myocardial deformation by Doppler or speckle tracking techni-
ques provides incremental information in the clinical se1:ting.1 De-
formation imaging has been shown to provide unique information

This document represents a consensus statement from the EACVI/
ASE/Industry Task Force to standardize deformation imaging (‘the

Task Force’) to communicate standard physical and mathematical
definitions of various parameters commonly reported in myocardial
deformation imaging. It is aimed primarily at the technical engineering
community and also interested clinicians. The document is not
intended to explore the wide range of clinical applications of deform-
ation imaging.

on regional and global ventricular function with some studies
showing reduced inter- and intraobserver variability in assessing re-
gional left ventricular (LV) function.” The main areas of application
of these techniques have been assessment of myocardial mechanics,
ischaemic heart disease, cardiomyopathies, LV diastolic dysfunction,
and in detecting subclinical myocardial dysfunction in patients
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undergoing chemotherapy for cancer or in those affected by heart
valve diseases.> Over the years, a number of software packages and
algorithms have entered the market, but a practical limitation to
the use of these techniques in routine clinical practice has been the
significant variability that exists among vendors. Such a variability
relates to several factors: differences in the terminology describing
myocardial mechanics; the type of stored data which is used for quan-
titative analysis (e.g. proprietary formats vs. standard DICOM
format); the modality of measuring basic parameters (tissue
Doppler vs. speckle tracking); the definition of parameters (many
vendors use proprietary speckle tracking algorithms or define differ-
ent tracking regions for the same parameter); and the results
outputmf8

Recognizing the critical need for standardization in strain imaging,9
in 2010, the European Association of Echocardiography (now the
European Association of Cardiovascular Imaging, EACVI) and the
American Society of Echocardiography (ASE) invited technical repre-
sentatives from all interested vendors to participate in a concerted
effort to reduce intervendor variability of strain measurement.'®"!

As aninitial product of the work of the EACVI/ASE/Industry initia-
tive to standardize deformation imaging, we prepared this document
which is intended to provide definitions, names, abbreviations, for-
mulas, and procedures for calculation of physical quantities derived
from speckle tracking echocardiography and thus create a common
standard. This document is purely technicaland provides technicalin-
formation only. Therefore,

e |tis not intended to provide information about the clinical rele-
vance of different measurements.

e |t is not intended to suggest which parameters a product should
preferably include.

e [tisnotintendedto favour speckle tracking over otherapproaches
for the echocardiographic quantification of myocardial function,
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such astissue Doppler, which can provide comparable parameters
of comparable relevance.

By providing clear definitions of the standard quantities that any soft-
ware solution should report, the differences among different pro-
ducts should be limited to:

e Technical:accuracy and reproducibility of the proprietary approach
to speckle tracking;

o Marketing: choices about how and what different products report;

o [nnovations: further parameters or representations beyond what is
reported in this document.

Readers interested in a more in-depth description of the mathemat-
ics and physics are referred to the structural mechanics literature.

Geometry definitions

Region of interest

The complete myocardial region of interest (RO, Figure 1) is defined
at end-diastole by:

o Endocardial border: the inner contour of the myocardium;

o Epicardial border: the outer contour of the myocardium;

e Mpyocardial midline: the middle ROI axis defined in the middle
between inner and outer ROI contours.

Each of these contours can be either user-defined or generated
automatically. In any case, where they are generated automatically,
the user should be allowed to check them and, if needed, edit them
manually. Extreme care should be taken in the definition of ROI, as
inclusion of pericardium will result in reduction of measured strain.
Different generations of the software appear to have different ROI
defaults, and lack of user interaction will contribute to measurement
variation.

Epicardial border
i Ct

Cp

Cp
Cp

Endocardial = -

'_border \.

Myocardial mid-line

Figure I: Right panel: Speckle tracking-derived parameters are reported with reference to the endo—epicardial or mid-myocardial line or to the
fullwallindependent from the way they are achieved. The longitudinal or circumferential component of any parameter is then directed tangentially to
the respective line (C;), while the radial component is directed perpendicular to it (C,). Left panel: Segmentation of the Region of Interest (ROI) in
apical views as applicable for a 16 or 18 segment model. See text for details.
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Endocardial measurements pertain to the behaviour of the endo-
cardial border and are represented there. Midline measurements,
when available, refer to the behaviour of the middle ROI axis and
are represented there. Epicardial measurements pertain to the be-
haviour of the epicardial border and are represented there. In case
of tracking results that represent the average of measurements
obtained over the full myocardial thickness, these are typically repre-
sented with the mid-wall line specifying this full wall reference.

When the epicardial border is not drawn, then the measurements
typically refer to the single endocardial border and are presented
there.

Task force recommendation: The key requirement for any software
solution is that it explicitly states what is being measured and the
spatial extent (in pixels or millimeters) over which the data is
sampled for a given ROI. Measurement definitions can be: endocar-
dial, midline, epicardial, or full wall.

Segment definitions

Segments are the anatomical units of myocardium for which the
results of the various strain analysis will be reported.

Apical views
Topographic definitions of the myocardial ROl in apical views are
shown in Figure 1, where:

o ‘Left/right base” end points of the endocardial border.

e ‘Midbase” midpoint between two basal end points of the endocar-
dial border.

e ‘Apex’: the most distant from ‘midbase’ or a manually defined
endocardial point.

o ‘Left/right ROIs’: ROI from the left/right base to apex.

The segments on the left and the right sides of the ROI are then
defined such asto have the same end-diastolic length (the precise def-
inition of end-diastole will be discussed below). Then, individual seg-
ments follow the underlying tissue and change their lengths during

the various instants of the cardiac cycle. Thus, segmentation is per-
formed as follows:

e Take the border at the user-defined or automatically selected
frame,

o Define left and right ROls,

e Divide each ROl into segments of equal length at the time point of
end-diastole.

In the standard six-segment model (employed for global LV 16- or
18-segment models), the length of the three left segments is equal
to the (left ROI length)/3, and the length of the three right segments
is equal to (right ROI length)/3.

In case of a 17-segment model (which is not recommended for
functional imaging, since the apical cap does not contract), the
basal, mid, and apical segments have the length of 2/7th of the right
and left ROI length, respectively, while the apical cap is composed
of 1/7th of the right plus 1/7th of the left ROI.

Note that when segmental lengths are different, this fact must be
taken into account when computing averages from segmental values.

Since the segments are presented with anatomical names corre-
sponding to the LV wall the image refers to, it is necessary that the
system recognizes or allows selection of the specific view under ana-
lysis. The system should also recognize or allow selection of whether
an image is recorded as flipped left/right or inverted up/down.

Short-axis views

Topographic definitions of the myocardial segments in short-axis
views are shown in Figure 2. These views are approached differently
from apical views: segments should be defined by measuring the
angle relative to a centre of cavity, and imposing equality of angle
coverage instead of tissue length. Alternatively, segments may be
defined as having an equal border length at the end-diastolic
frame—in similarity to apical views. Depending on the segmentation
model used, the apical short-axis ROl is subdivided into six or four
segments (Figure 3). The anterior insertion of the RV free wall is

. 13
used as an anatomical reference.

Figure 2: Segmentation of the ROl in the short-axis view. Left panel: Six segments are used for basal and mid-levels in the 16-segment model as
well as for the apical level in the 18-segment model (60° segments). Right panel: Four segments for the apical level in the 16-segment model (90°
segments). The red dot marks the anterior insertion of the right ventricular free wall, which defines the border between the (antero-)septal and

the anterior segment.
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all models

1. basal anterior 7. mid anterior

2. basal anteroseptal 8. mid anteroseptal
3. basal inferoseptal 9. mid inferoseptal
4. basal inferior 10. mid inferior

5. basal inferolateral 11. mid inferolateral
6. basal anterolateral 12. mid anterolateral

alternatively, walls are commonly labelled as:

3., 9., 15(18-seg).. septal, 5., 11., 17(18-seg).: posterior,

SN g
S

16 and 17 segment model

18 segment model only

13. apical anterior 13. apical anterior
14. apical septal 14. apical anteroseptal
15. apical inferior 15. apical inferoseptal
16. apical lateral 16. apical inferior
17 segment model only 17. apical inferolateral
17. apex 18. apical anterolateral

6., 12., 18(18-seqg).: lateral

Figure 3: Schematic diagram of the different LV segmentation models. Left panel: 16-segment model. Central panel: 17-segment model. Right
panel: 18-segment model. In all diagrams, the outer circle represents the basal segments, the mid one the segments at the mid-papillary muscle
level, and the inner circle the apical level. In the 17-segment model, an additional segment (apical cap) is added in the centre of the Bull’s eye.
The anterior insertion of the right ventricular wall into the left ventricle defines the border between (antero-)septal and anterior segments (see
Figure 2). Starting from there, the ROI is subdivided into six equal segments of 60°. In case, the circle is subdivided into four segments, (as used
for the apical level of the 16- and 17-segment models), the ROl is divided into four equal segments of 90°, while the mid of the anterior segment

in the four-segment and six-segment-segmentation have to coincide.

Segmentation models

Segmentation models are built to reflect coronary perfusion territor-
ies, to result in segments with comparable myocardial mass, and to
allow comparison within echocardiography and with other imaging
modalities. Accordingly, a 17-segment model is commonly used
(Figure 3, central panel).”® The 16-segment model (Figure 3, left
panel) divides the entire apex into four segments (septal, inferior,
lateral, and anterior). The 18-segment model (Figure 3, right panel)
divides the apex into six segments similar to the basal and mid-
ventricular level. The last of these, the 18 segment model is simple
and well suited to describe myocardial mechanics from two-
dimensional (2D) data, but results in an overweighting of the apical-
region (distal) myocardium in the overall score.

Task force recommendations: Segment definitions refer to the
anatomy at the end-diastolic frame. If the segmentation is automatic-
ally proposed by the analysis software, a manual correction to modify
the anatomy relative to the segments must be allowed to adjust for
varying anatomy. Furthermore, the selection of a specific view,
image inversion, or the possible left/right flip must be possible.

Measurements

Velocity

Velocity is a vectorial quantity with a direction and amplitude. Veloci-
ties are commonly reported just as measured, but sometimes they
are reported after subtracting the average velocity of the overall
LV. While in some cases this subtraction may correct for overall LV
translation, it may also mask or diminish segmental motion differ-
ences in others. For example, the difference between the fast

inward motion of one LV wall and the slower motion of opposite
wall will become smaller when the overall LV velocity is used for
compensation.

In the apical views, the velocity vector is projected in two
components:

e V,—theradial component, which is perpendicular to the endocar-
dial border (orany other reference border) and which is assumed
to be positive when directed towards the cavity (contraction).

e Vi—the longitudinal component, which is tangential to the endo-
cardial border (or any other reference border) and which is
assumed to be positive when directed from the base towards
the apex (see definition in Figure 7).

In the transversal/short-axis views, the velocity vector is projected in
two components as well:

e V. —the radial component, which is perpendicular to the endocar-
dial border (or any other reference border) and which is assumed
to be positive when directed towards the cavity.

e V.—the circumferential component, which is tangential to the
endocardial border (or any other reference border). The tangen-
tial (rotational) component is assumed to be positive when coun-
terclockwise in a conventional short-axis view (i.e. probe on top of
the image, as if looking from the apex to the base). The circumfer-
ential velocity may be reported as angular velocity (rotation rate).
For this, velocity is normalized (divided) by the distance from the
centre of the cavity and it is reported in radians per second or
degrees per second. The instantaneous centre of the cavity is cal-
culated as the ‘centre of gravity’ or ‘centroid’ with respect to the

ST0Z ‘02 Atenuer uo 1senb Aq woly papeojumog



2D speckle tracking standardization

endocardium or any other reference border and can move during
the cardiac cycle.

Task force recommendations: Myocardial velocities should be reported
perpendicular or tangential to the defined border. Other ways of
reporting need explicit indications. Likewise, the presence or
absence of compensation for the LV translation must be explicitly
indicated. The ability to switch the compensation for LV translation
on or off is desirable.

Displacement

Displacement X(t) is defined as the time integral of the correspond-
ing velocity:

t
X(t) = j V(t)dt. Q)
ED

Therefore, longitudinal, circumferential, and radial displacements are
given by integration formula (1) using the longitudinal, circumferen-
tial, and radial velocities, as described above, respectively.

Strain and strain rate

Strain (S) describes the deformation of an object normalized to its
original shape and size. Strain rate (SR) describes the rate of deform-
ation (i.e. how fast the deformation occurs).

A hypothetical one-dimensional object (a line) can only deform in
one direction (it shortens or lengthens). Two common approaches
to describe this length change are to use Lagrangian and natural strain.

For Lagrangian strain, a single reference length (Lo) is defined,
against which all subsequent deformation will be measured. Lagran-
gian strain can therefore be calculated as follows:

L) — Lo

Sl = T ) )

where L(t) is the length at a given point in time and Ly is the reference
length at the reference time to, usually taken at end-diastole. Strainisa
dimensionless entity, reported as a fraction or percent.

The Lagrangian strain rate is simply the derivative of Lagrangian
strain:

a5 _ 1Ly

SO =—4 T L dt

(€))

Natural strain, on the other hand, employs a reference length that
changes as the object deforms. It therefore describes the instantan-
eous length change. It provides an instantaneous absolute definition
of natural strain rate that is independent of reference times. Natural
strain rate is thus the temporal derivative of natural strain and
describes the instantaneous rate of length change:

5o _ 1 dloy

SR =—4 T L) dt

“)

This equation differs from Eq. (3) in having a denominator that
varies continuously. Natural strain can then be calculated by
integrating Eq. (4):

t t
Sn() = j SR (D)dt = j LU (@)

= .6
o L L dt Lo ©)

L, Lita|[L e[t

-1,
L

S\‘{I)*r 1 dL(r}(”

S, (0= k
: o L(1) dt

SL“) —&H0 g

Figure 4: Graphical representation of the difference between
strains. Left panel: Lagrangian strain S| relates the actual length
always to the baseline length of the object. Right panel: Natural
strain Sy relates the instantaneous length changes to the variable in-
stantaneous length. Modified from Voigt [14].

Note that the reference length L(t) is constantly changing in
contrast to Lagrangian strain [Eq. (2)], which always refers to Lo
(Figure 4)."

The above-mentioned concepts apply in principle to all three one-
dimensional (longitudinal, circumferential, and radial) displacement
and strain components.

Rotational mechanics

The rotational deformation of the LV around its long axis is described
by two parameters.’ The difference in the systolic rotation of the
myocardium in an apical and basal short-axis plane is commonly re-
ferred to as twist and reported in degrees. If normalized to the dis-
tance between the respective image planes, it is referred to as
torsion and consequently reported in degrees/cm. Although the
latter is physically more precise, it is impossible to measure it with
confidence using two-dimensional echocardiography. Twist can be
obtained, but is imperfectly defined since the exact position of the
image planes relative to the heart and relative to each other is
unknown. The temporal derivative of twist is referred to twisting
and untwisting rate and given in degrees/s.

Task force recommendations: Twist and torsion describe the rota-
tional deformation of the LV around its long axis. Both parameters
are poorly defined in 2D echocardiography and caution is urged in
their use.

Baseline drift

The calculation of both displacement and strain from either tissue
Doppler or speckle tracking data is influenced by small measurement
errors, which result in a baseline drift (Figure 5). A correction of this
unwanted drift can be done in many possible ways and may be
included in the analysis software to ensure that the displacement
or strain returns to zero after one cardiac cycle.

It is also true that the displacement might not be zero at the end of
the cardiac cycle due to any LV global translational motion, which is
not synchronized with heart cycle (e.g. breathing).

Task force recommendation: Since intensive drift correction may
mask poor tracking, applied drift compensation should be indicated
to the user and options for turning it off or on should be available.
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A

Figure 5: (A) Tracking-derived strain curve with drift (dotted green line). (B) Drift is compensated by subtracting the averaged drift component
from the curve. Since the ECG trigger is often used as time reference, the curve returns to zero at each QRS (yellow arrows).

Tracking quality

Speckle tracking works in general better along the ultrasound beam
than across beams. Furthermore, due to the beam divergence with
increasing depth in a sector image, tracking across beams works
better in regions close to the transducer than in the far field of the
image.

Tracking quality may be suboptimal if regions of the myocardium
are poorly visualized, if stationary image artefacts (reverberations)
compromise speckle recognition or if spatial or temporal resolution
of the image acquisition is insufficient.

Task force recommendations: Analysis software should offer an auto-
mated measure of tracking quality. Furthermore, the user should be
always offered a display, where he/she is able to visually check track-
ing quality by comparing the underlying image loop with the superim-
posed tracking results, along with the actual curves derived from that
tracking.

Regularization

Several vendors use models of normal cardiac deformation, spline-
functions, or other types of spatial and temporal smoothing for the
regularization of tracking results. Excessive regularization, however,

may reduce the resolution of the tracking results or may even com-
promise the validity of data. Proprietary filters may contribute to
the variation between vendors. Besides that, user-defined regulariza-
tion settings have become an important source of variation using the
same machine.

Task force recommendations: Analysis software should inform the
user about measures, which are applied for regularization. Regular-
ization should be limited to the necessary minimum. Options to
control regularization settings should be available to the user. A
record of the processing settings is prudent in longitudinal studies.

Multidimensional deformation
Until now, all the concepts have been exposed assuming that the
deforming object has only one dimension. Howevers, if the deforming
object is two-dimensional, then the deformation is not limited to
shortening and lengthening only. A 2D object can deform perpen-
dicular to the borders (Figure 6A and B). Furthermore, an object
can deform parallelto aborder (Figure 6Cand D). This type of deform-
ation is called ‘shear strain’.

To define the deformation of a 2D object in a comprehensive way,
all four strain components are written in a single matrix, which is
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Figure 6: The deformation of a 2D object can be described by four strain components: two normal strain components (A and B) and two shear
strain components. The shear strain components are characterized by the angles 6x and 6y. Modified from D’hooge et al. [15].

referred to as the strain tensor:

Sxx Sxy
(5 %) ©

where the diagonal elements (xx and yy) reflect linear (or normal)
strain and the off-diagonal elements are shear strain.

Three-dimensional echocardiography investigates the heart as a
three-dimensional object. Applying the concepts of normal and
shear strain, nine different strain components can be distinguished,
namely three linear strains (xx, yy, and zz) and six shear strains
(xy, xz, yx, yz, zx, and zy).

For regional function analysis, the coordinates x, y, and z can be
replaced by the longitudinal, radial, and circumferential ones of
the heart. From this, it follows that the torsion of LV is reflected
and can be described by the longitudinal-circumferential shear

(lc-shear) of the LV myocardial wall.'®

Furthermore, from the principle of conservation of volume for in-
compressible material, it can be concluded that if two linear strain
components are known, the third can be calculated.

Specific aspects of echocardiographic
strain and strain rate measurements
Natural vs. Lagrangian strain

There are circumstances where it is more appropriate to use
Lagrangian strain than natural strain and others where the opposite
is true. A natural strain rate calculation is better suited for use with
tissue Doppler imaging, since the reference length is different at
each interrogation time point (each colour tissue Doppler frame)
and so will not be the same as at the reference time point. On the
other hand, speckle tracking will lend itself more readily to the
calculation of Lagrangian strain, since the baseline length is always
known and can easily be used as a reference. Fortunately, natural
and Lagrangian strains are related so that one can be converted

GTOZ ‘0z Arenuer uo 1sanb Aq woly papeojumog



J.-U. Voigt et al.

Natural 60% 7 120% rover/underestimation
strain ’ of natural strain rate
s 100% ¢({relative to Lagrangian)
0% s i
’,
7 80%
20%
60%
! " J—ik + + 0%
-60% -40% -20% SO 20%  40%  60%
Lagrangian Lagrangian
% strain strain
4
4,
’ . 60% -A0%  -20% O m20% 0% 0%
1 20%
s
.
Lo -60% -A0%

Figure 7: Comparison between Lagrangian and natural strain.
Left panel: Plot showing the relationship between Lagrangian and
natural strain (solid red line). Beyond about + 15%, the divergence
from the line of identity (black dotted line) becomes relevant. Right
panel: Plot showing the degree by which natural strain rate will over
or underestimate Lagrangian strain rate, depending on the instant-
aneous Lagrangian deformation. For example, if the Lagrangian
strain is —20% and the Lagrangian strain rate is 4+10%/s, then the
natural strain rate will be 25% greater than this and show a value
of +12.5%/s. If instead the Lagrangian strain is +20% (with the
same strain rate), then the natural strain rate will be 16.7% less
and show a value of +8.33%.

into the other:

SL(t) = N — 1, %)

S = In(SL® + 1), ®
1

SRL(t) = mSRN(t), ©
1

If the extent of deformation is small (~5-10%), Lagrangian and
natural S values are close. However, for the large myocardial
deformations which may occur during rapid filling and ventricular
ejection, the differences become significant (Figure 7, left |:>amel).15
Strain rate shows even greater discrepancies (Figure 7, right panel)

Task force recommendations: Speckle tracking software packages
should commonly report Lagrangian strain (S). Natural strain rate
(SRn) is commonly reported when using tissue Doppler, but can
also be derived from speckle tracking by conversion from the Lagran-
gian strain rate. The reported type of strain or strain rate (i.e. Lagran-
gian vs. natural) must be indicated by any software package.

Timing of mechanical events
End-diastole
Since cardiac function is a cyclic process, the selection of a reference
pointin time (‘beginning of the cardiac cycle’) is arbitrary. In order to
report displacement or deformation, however, a time point must be
defined, at which the reference position (displacement) or reference
length (strain) can be measured. End-diastole is conventionally used
for this purpose.

End-diastole is commonly characterized by the closure of the
mitral valve (i.e. the frame before mitral valve completely closes is

called end-diastole). Other events which are time-related to mitral
valve closure may be used as a surrogate, such as the beginning of
the QRS complex in the ECG, ECG R-peak, the largest diameter or
volume of the LV, or the peak of the longitudinal global strain
curve. All surrogate time markers may be suboptimal under certain
circumstances. Mitral valve closure and ECG parameters may dissoci-
ate in patients with conduction delays. Similarly, diameter- or strain-
based parameters may fail in regional dysfunction. Volumetric
measurements require at least two or three apical image acquisitions.

Task force recommendation: As a compromise between feasibility
and accuracy, analysis software commonly uses the peak of the
QRS complex to define end-diastole, but it should also offer the
user the option to over-rule this definition if deemed inappropriate
in a certain pathology or when analysing other cardiac structures
than ventricles (e.g. atria). In any case, the user must be informed
about the time reference which is used.

End-systole

End-systole coincides with aortic valve closure, which can be visua-
lized in the parasternal or apical long-axis view or by detecting the
closure click on the spectral tracing of the pulsed-wave Doppler of
aortic valve flow. Potential surrogate parameters are the nadir of a
global strain or volume curve.

Task force recommendation: The user must be informed about the
time reference, which is used to define end-systole and be offered
the opportunity to over-rule this definition if deemed necessary
according to the pathophysiological situation.

Measurement points
Clinically relevant strain values along strain curves are, but are not
limited to:

e End-systolic strain: the value at end-systole (the way end-systole is
defined should be specified);

e Peak systolic strain: the peak value during systole;

e Positive peak systolic strain: a local myocardial stretching, some-
times occurring to a minor extent in early systole, or as a relevant
deformation in regional dysfunction;

e Peak strain: the peak value during the entire heart cycle. The peak
strain may coincide with the systolic or end-systolic peak, or may
appear after aortic valve closure. In the latter case, it may be
described as ‘post-systolic strain’.

The mentioned values are shown in Figure 8. Others may be intro-
duced when relevant for specific clinical pathophysiological situa-
tions.

Task force recommendations: End-systolic strain (ESS) should be
reported as a default parameter for the description of myocardial de-
formation. Other parameters may be reported in addition. Reported
parameters need to be labelled in a way that the definition of the par-
ameter is clear to the user.

Global and segmental values

The previous definitions of strain and strain rate permitted to define
the value at every point along the selected myocardial line, at every
instant during the cardiac cycle. Of special interest in cardiology are
strain and strain rate segmental and global values.

ST0Z ‘02 Atenuer uo 1senb Aq woly papeojumog



2D speckle tracking standardization

Figure 8: Longitudinal strain curve with a selection of strain values at clinically relevant timings. P, peak positive strain; S, peak systolic strain; ES,
end-systolic strain; PSS, post-systolic strain. The yellow dashed line indicates begin of QRS; the green dashed line aortic valve closure (AVC).

The segmental strain or strain rate is defined as the average value
in the segment. This definition applies to any strain or strain rate
component.

The global strain or strain rate is calculated by using the entire myo-
cardial line length while computing the deformation. Alternatively,
global strain can also be computed by averaging the values computed
in a number of points within the myocardial line, or by averaging the
values computed at the segmental level from the same frame. These
last two methods are mathematically equivalent to the former when
the points/segments used for the averaging are equi-spaced at the ref-
erence frame. Alternatively, a weight proportional to the pertinent
length of every segment at end-diastole must be employed. Calcula-
tions which average peak values obtained at different points in time
are not compatible with the aforementioned definition.

If global parameters are calculated by segmental averaging, the
badly tracked segments can be excluded; in this case, a reproducible
way to properly differentiate good and bad tracking results would be
desirable. However, when global strain or strain rate values are calcu-
lated by segmental averaging and some badly tracked segments are
excluded (no more than 1 per view), results will differ depending
on which segment will be excluded, as apical segments usually
show greater strain values than basal segments.

Longitudinal strain may be calculated as an endocardial strain,
midline strain, epicardial strain, or averaged over the entire cardiac
wall. There is currently insufficient evidence to favour one way
over another. An analysis software should clearly declare which
type of strain is reported.

Table 1 summarizes a summary of commonly used parameters to
describe myocardial motion and deformation.

Note that names and abbreviations of circumferential and longitu-
dinal parameters should include, as a subscript, information to state
the myocardial layer they refer to or if they refer to the average
over the full myocardium. Global parameters should include, as an
index, information if they refer to a single image plane or the entire
ventricle.

Task force recommendations: The global strain or strain rate should
be calculated by using the entire myocardial line length or using alter-
native methods (i.e. averaging the values computed in a number of
points within the myocardial line, or by averaging the values com-
puted at the segmental level), which are mathematically equivalent.
When global strain is computed in a manner not equivalent to
using the entire myocardial line length, this must be explicitly stated
to permit comparability. The location where global strain values
were measured (i.e. measured at the endocardium, midline, or aver-
aged over the entire cardiac wall) must be explicitly reported by the
software.

Serial and cross-sectional comparison
of strain values

The generally negative sign of longitudinal and circumferential strain
can lead to confusion when comparing patients or discussing serial
values, since deterioration in LV function results in a counterintuitive
increase in the arithmetic value of strain. Accordingly, the task force
feels that when comparing strain values, one should implicitly con-
sider the absolute value of strain.

Task force recommendations: VWe recommend that all references to
strain changes actually consider the absolute value of the number, so
that increases in GLS mean that the number is becoming more nega-
tive, and decreases are observed when LV function deteriorates and
GLS becomes less negative. Any exception to this convention should
be explicitly stated. The notation of strain values as numbers should
always include the sign.

Discussion

The members of the EACVI/ASE/Industry Task Force to standardize
deformation imaging have reached a consensus about the content of
the present document to provide standardization of the definitions
and the calculation of the various quantities usually reported in
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Table I Recommended names, abbreviations, and units for 2D speckle tracking-derived parameters

Parameter Definition

View for data acquisition Abbreviation Unit

Longitudinal velocity Respective motion or deformation component All three apical views (recommended) Vi cm/s
Longitudinal displacement parallel to the reference contour, viewed and parasternal long-axis view (not D, mm
Longitudinal strain rate in from base to the apex recommended in routine clinical SR 1s
. {
ractice

Longitudinal strain P ) St %
Radial velocity Respective motion or deformation component All three apical views and parasternal V. cm/s
Radial displacement perpendicular to the reference contour, short-axis view (recommend) and D, mm
Radial strain rate viewed from the contour towards the parasternal long-axis view (not SR 1s

. . LV cavity recommended) "
Radial strain S- %
Circumferential velocity Respective motion or deformation component Short-axis views only Ve cm/s
Rotation rate tangential to the reference contour, RotR °/s
Circumferential displacement perpendicular FO the' Lv lo.ng axis, W'Fh D mm

. counterclockwise orientation when viewed from R
Rotation Rot
the apex. Angular components refer to the

Circumferential strain rate centre of gravity of the LV within the image plane SR /s
Circumferential strain Se %

myocardial deformation imaging. The main purpose of this document
is to provide the theoretical basis to explain physiological significance
and mathematical computation of the various parameters to clini-
cians interested in using deformation imaging for both research and
clinical work and to ensure a common background for the different
realizations of this echocardiographic technique.

However, in addition to physiological variation in beating hearts,
differences between similar calculations performed by different
imaging equipment and different software are still possible for numer-
ous known technical reasons.

Imaging systems

Different image systems present technical differences in terms of
spatial (number of beams per image sector, pixel size) and temporal
(acquisition frame rate) resolution of the acquired images. Accuracy
of the tracking technique is inversely proportional to the pixel size. In
addition, for any given tracking technique and heart rate, there is an
optimal frame rate for best tracking and this data should be known
by the users. Finally, accuracy is reduced if the increase in frame
rate is obtained at the cost of decreased spatial resolution (decreased
number of beams per image sector).

Frame rate determines how short mechanical events may be still
resolved and correctly displayed. Clinical literature reports that ac-
quisition frame rates ranging from 40 to 80 Hz have been widely
used to measure motion and deformation at normal heart rates."
As mechanical events become shorter with an increasing heart
rate, the frame rate needed to resolve a particular physiological
event becomes higher. Therefore, the frame rate should be increased
with the increase in heart rate especially for paediatric studies, exer-
cise, and pharmacological stress exams with agents (e.g. dobuta-
mine), which increase heart rate. There is no sufficient evidence to
recommend a certain number, but as an extrapolation, the standard
frame rate for resting heart rate should be increased proportionally
with the expected heart rate. While motion and deformation are
less demanding, time-dependent parameters, such as velocity and

strain rate, requires high frame rates (>100 fps) even at rest to
resolve all relevant events. Since it might be very challenging with
current imaging systems to adapt this further to higher heart rates,
the user should make use of these parameters at higher heart rates
only when their validity has been checked.

In addition to image resolution, overall image quality greatly influ-
ences the quality of tracking. The method works best when all the
walls are visible in all the frames included in the clip, while a degrad-
ation of results is expected when the myocardium is temporarily not
visible in some segment.

Images of varying quality and different spatial and temporal reso-
lution produce a potential variability in the results of deformation
imaging.

Software application

The methods of calculation described above allow computation of
various metrics once the geometry of the tissue is known in all
frames after the tracking procedure has been performed. Different
software applications, however, employ different tracking techni-
ques, which detect tissue motion with different accuracy and
reliability. Thus, the output depends on the performance of the
specific tracking algorithms, on the level of spatial or temporal
smoothing involved, and whether they are optimized for certain
conditions, e.g. particular image acquisition settings. Furthermore,
user-defined settings may influence the comparability of strain
and—in particular—strain rate data."”’

The main activities of the EACVI/ASE/Industry Task Force to
standardize deformation imaging are focused to promote concerted
initiatives to reduce intervendor variability of strain measurement. At
present, intervendor agreement has been tested both on synthetic
data sets and during live testing on humans. %"

Limitations of the technique

There are a number of intrinsic limitations to strain imaging. First, a
basic assumption underlying 2D speckle tracking is that in-plane
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displacements of tissue correspond to the displacements of local pat-
terns in the gray scale distribution of a 2D echocardiographic clip.
However, it should be appreciated that this may not always be the
case. For example, through-plane displacement of a tapering, helically
structured or otherwise obliquely angulated form could be misinter-
preted, both visually and by speckle tracking, as in-plane deformation
or displacement in a 2D sequence of images. This off-plane limitation
issueis knownto be more criticalin shortaxis thaninapical views.'®1?
When suspicion of artefacts due to through-plane motion arise, 3D
imaging could be used, if available, to verify this and avoid potential
misinterpretation. The user should take into account that 3D
speckle tracking has the same intervendor variability limitations
that affect 2D speckle tracking”® and has lower temporal and
spatial resolution than 2D imaging.

The local frame-by-frame tracking is based on the search of a
maximum likelihood between two local speckle patterns in two con-
secutive frames. All kinds of ultrasound noise reduce the tracking
quality. Good image quality enhances the clarity of speckle patterns
and improves accuracy and robustness of their detection. It is there-
fore important to note that the acquisition of standardized image
planes in optimized quality is essential for reducing inter- and intra
observer variability of tracking data.

The most critical limitation in the tracking techniques is the tem-
poral stability of tracking patterns. The ultrasound speckle patterns
are generated by the interference of the ultrasound waves reflected
fromtissue structures. Speckle patterns are not stable temporally not
only due to through-plane motion, but also due to physiological
changes of living tissue structures and changes of interrogation
angles between moving tissue and ultrasonic beam. The accumulation
of small random errors in detection of speckled patterns along the
tracking process can lead to inaccurate tracking results.

Conclusions and new beginnings

This strain standardization Task Force was initiated by EAE (presently
EACVI) and ASE to develop an academia—industry consortium for
achieving consensus on a list of standard definitions and nomencla-
ture for the clinical parameters evaluated with 2D speckle tracking
technology. This marks one of the first steps in reducing intervendor
differences and ambiguities in the strain algorithms. We strongly
encourage clinicians and researchers to remain aware of the potential
variations in techniques before considering a given quantitative
difference as clinically meaningful. The task force recognizes that
the progress in research and technical development may require
reconsiderations; however, the definitions provided herein are
expected to provide a valid basis that allows a better comparison
between vendors and the development of more meaningful clinical
applications.

Conflict of interest: none declared.

References

1. Mor-Avi V, Lang RM, Badano LP, Belohlavek M, Cardim NM, Derumeaux G et al.
Current and evolving echocardiographic techniques for the quantitative evaluation
of cardiac mechanics: ASE/EAE consensus statement on methodology and indica-
tions endorsed by the Japanese Society of Echocardiography. Eur | Echocardiogr
2011;12:167-205.

2. Geyer H, Caracciolo G, Abe H, Wilansky S, Carerj S, Gentile F et al. Assessment of
myocardial mechanics using speckle tracking echocardiography: fundamentals and
clinical applications. | Am Soc Echocardiogr 2010;23:351—-69; quiz 453-5.

3. Mondillo S, Galderisi M, Mele D, Cameli M, Lomoriello VS, Zaca V et al. Speckle-
tracking echocardiography: a new technique for assessing myocardial function.
J Ultrasound Med 2011;30:71—-83.

4. Manovel A, Dawson D, Smith B, Nihoyannopoulos P. Assessment of left ventricular
function by different speckle-tracking software. Eur | Echocardiogr 2010;11:
417-21.

5. Takigiku K, Takeuchi M, Izumi C, Yuda S, Sakata K, Ohte N et al. Normal range of left
ventricular 2-dimensional strain: Japanese Ultrasound Speckle Tracking of the Left
Ventricle (JUSTICE) study. Circ | 2012;76:2623—-32.

6. Nelson MR, Hurst RT, Raslan SF, Cha S, Wilansky S, Lester S). Echocardiographic
measures of myocardial deformation by speckle-tracking technologies: the need
for standardization? | Am Soc Echocardiogr 2012;25:1189—94.

7. BansalM,Cho GY, Chan), Leano R, Haluska BA, Marwick TH. Feasibility and accuracy
of different techniques of two-dimensional speckle based strain and validation with
harmonic phase magnetic resonance imaging. /| Am Soc Echocardiogr 2008;21:
1318-25.

8. NegishiK, Lucas S, Negishi T, Hamilton J, Marwick TH. What is the primary source of
discordance in strain measurement between vendors:imaging or analysis? Ultrasound
Med Biol 2013;39:714-20.

9. Marwick TH. Will standardization make strain a standard measurement? | Am Soc
Echocardiogr 2012;25:1204-6.

10. Thomas }, Badano LP. EACVI-ASE-Industry Initiative to standardize deformation
imaging. A brief update from the co-chairs. | Am Soc Echocardiogr 2013;26:21A—2A.

11. Thomas ]D, Badano LP. EACVI-ASE-Industry Initiative to standardize deformation
imaging. A brief update from the co-chairs. Eur Heart | Cardiovasc Imaging 2014;14:
1039-40.

12. Xiao H, Bruhns OT, Meyers A. Basic issues concerning finite strain measures and
isotropic stress-deformation relations. | Elast 2002;67:1-23.

13. Cerqueira MD, Weissman NJ, Dilsizian V, Jacobs AK, Kaul S, Laskey WK et al.
Standardized myocardial segmentation and nomenclature for tomographic
imaging of the heart. A statement for healthcare professionals from the Cardiac
Imaging Committee of the Council on Clinical Cardiology of the American Heart
Association. Circulation 2002;105:539-42.

14. Voigt JU. Quantifizierung der Myokardfunktion. In: Flachskampf FA (ed). Praxis der
Echokardiographie. Stuttgard: Thieme, 2010.

15. D’hooge ], Heimdal A, Jamal F, Kukulski T, Bijnens B, Rademakers F et al. Regional
strain and strain rate measurements by cardiac ultrasound: principles, implementa-
tion, and limitations. Eur | Echocardiogr 2000;1:154—70.

16. Notomi Y, Lysyansky P, Setser RM, Shiota T, Popovi¢ ZB, Martin-Miklovic MG et al.
Measurement of ventricular torsion by two-dimensional ultrasound speckle tracking
imaging. | Am Coll Cardiol 2005;45:2034—41.

17. Moen CA, Samlminen PR, Dahle GO, Hjertaas |}, Matre K. Is strain by speckle tracking
echocardiography dependent on user controlled spatial and temporal smoothing?
Cardiovasc Ultrasound 2013;11:32.

18. Saito K, Okura H, Watanabe N, Hayashida A, Obase K, Imai K et al. Comprehensive
evaluation of left ventricular strain using speckle tracking echocardiography in
normal adults: comparison of three-dimensional and two-dimensional approaches.
J Am Soc Echocardiogr 2009;22:1025-30.

19. Yodwut C, Weinert L, Klas B, Lang RM, Mor-Avi V. Effects of frame rate on three-
dimensional speckle-tracking-based measurements of myocardial deformation.
J Am Soc Echocardiogr 2012;25:978—-85.

20. Badano LP, Cucchini U, Muraru D, Al Nono O, Sarais C, lliceto S. Use of three-
dimensional speckle tracking to assess left ventricular myocardial mechanics: inter-
vendor consistency and reproducibility of strain measurements. Eur Heart |
Cardiovasc Imaging 2013;14:285-93.

GTOZ ‘02 Arenuer uo 1sanb Aq woly papeojumog




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


