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BACKGROUND
The assessment of left ventricular (LV) function is a fun-
damental requirement in many clinical situations in car-
diology. Numerous techniques are used for this purpose, 
and a number of parameters can be employed, although 
ejection fraction (EF) is by far the most established. 
Echocardiography is the most widely used technique for 
the assessment of LV function because it is widely avail-
able and relatively inexpensive and can be taken to the 
patient’s bedside. The problem is that echocardiographic 
assessment of EF is subject to a number of limitations, 
both technological and physiologic (Table 1.1), which 
particularly compromise the test-retest variation of this 

method.1 The development of strain as a clinical tool over 
the past 30 years has provided a technique that is accurate 
and reliable. The year 2020 represented a culmination of 
this work to produce an additional assessment of LV 
function because a new Current Procedural Terminology 
(CPT) code (93356) was introduced for the application 
of strain in clinical practice. The purpose of this chapter 
is to provide the technical background regarding this 
modality, summarize its potential applications, and pre-
pare the reader for subsequent chapters about the main 
clinical applications of myocardial strain.

The adoption of a new tool can be difficult. Funda-
mental to finding the motivation for this effort is a 
recognition of the limitations of assessment of both 
global and regional function using current techniques 
(see Table 1.1).1 There are two aspects of a desirable mea-
surement: validity and reliability (Fig. 1.1). Validity (or 
accuracy) pertains to the comparison of the measure-
ment against some external standard. The accuracy of 
strain has been validated experimentally against in vivo 
measurement of tissue excursion with sonomicrometry 
and clinically against magnetic resonance tagging tech-
niques.2-5 Although validity is important to clinicians, in 
most circumstances, we are less worried about consistent 
bias (when the measurement is within, for example, 5% 
of the reference standard) but more concerned about 
random variation of the measurement that would pre-
clude our ability to compare individuals or compare 
measurements at different points of time. This is a reflec-
tion of reliability or precision. In sequential testing, the 
tool has to be sufficiently sensitive to pick up small differ-
ences, and reliability can be measured as the ratio of true 
variance and true1error variance. What is important to 

1

Global (EF) Regional (WMSI)

Variability Variability
Insensitive to mild  

dysfunction
Distinction of infarcted and 

ischemic myocardium
Inexact in LVH Inadequate in LBBB
Less precise in tachycardia Less accurate in severe LVD
Inability to assess RV and 

atrial function
Inability to assess 

diastolic function

TABLE 1.1 Limitations of Current 
Echocardiographic Techniques for the 
Assessment of Global and Regional Left 
Ventricular Function

EF, Ejection fraction; LBBB, left bundle branch block; LVD, left 
ventricular dysfunction; LVH, left ventricular hypertrophy; 
RV, right ventricular; WMSI, wall motion score index.



2 CHAPTER 1 Strain Imaging Applications and Techniques

realize is that both validity and reliability of existing tech-
niques are inadequate and especially of limited reproduc-
ibility. For example, the 95% confidence intervals of two-
dimensional (2D)–EF measurement exceed 10%,6 implying 
that an apparent reduction of EF from 54% (normal) to 
45% (mildly impaired) may simply represent the variability 
of the measurement. Although three-dimensional (3D)–EF 
has less variability, it probably still exceeds 5%.7

THE PHYSICS OF STRAIN

Definition
Strain represents a fundamental property of matter, 
namely its deformation in response to an applied force. 
This force might be extrinsic to the heart, which is funda-
mental to the performance of elastography (Chapter 10). 
However, most commonly, it is intrinsic to the heart, 
based on myocardial contraction associated with every 
heartbeat. Because the myocardium is assumed to be in-
compressible, shortening in one direction is associated 
with thickening in the orthogonal plane.

Lagrangian strain () is defined as the difference be-
tween myocardial length at baseline (L0, usually end dias-
tole) and myocardial length at the end of a time interval 
(L, usually at end systole) divided by L0. This corresponds 
to the strain measured by speckle strain (Fig. 1.2):

�Lagrange =
L L

L
� 0

0

In contrast, if strain is calculated by comparing instanta-
neous length change during deformation over an infini-
tesimal small time interval (dt), this strain is termed 
natural strain, and it corresponds to tissue velocity strain, 
in which initial segment length is not used as a reference2:

� � � � 
N t

t
t L t dt L t

L t
( ) ∫ ( ) ( )

( )0

In this case, the total amount of strain represents an  
aggregate of all infinitesimal strain contributions between 
t0 and t.

If the strains are small, Lagrangian strain approximately 
equates to natural strain, but deformations .10% (such 
as are observed in the cardiac cycle) using each approach 
are different. The majority of currently used imaging 
techniques (speckle-tracking echo cardiography, cardiac 
magnetic resonance, nuclear) measure Lagrangian strain.
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Fig. 1.1 Cornerstones of imaging measurement—validity and 
reliability. These parameters pertain to the distribution of  
measurements from the reference “truth” and from each other 
(A). The schematics illustrate the deviation of measurements 
as an overestimation or underestimation of the “true” mea-
surement in black at the center of the bull’s eye. (B) The sce-
nario of low precision (discordance between measurements) 
and low accuracy (average displacement of 2% away from the 
reference). (C) Low precision (discordance between measure-
ments), but high accuracy (average displacement overlies the 
reference). (D) High precision (measurements are concordant) but 
low accuracy; although imperfect, most clinicians can compen-
sate for consistent overestimation or underestimation of function.  
(E) The ideal scenario of high precision and high accuracy.
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Strain is a dimensionless parameter, expressed as a 
percentage. When applied to longitudinal or circumfer-
ential shortening during systole, the resulting values are 
negative, since L is shorter than L0. Conversely, radial 
thickening is denoted by a positive value.

The measurement of strain takes no cognizance of the 
timeframe of myocardial motion, although this can be 
accounted for by assessing strain rate (SR), which repre-
sents the average rate of deformation, having the unit s–1:

SR t
d t

dt
( ) ( )

�
�

Individual myocardial segments may be measured, or 
strain can be assessed along the length of an entire wall or 
for the chamber as a whole, the latter being the basis of the 
most widely used parameter, global longitudinal strain 
(GLS). Even though this parameter is the most commonly 
used clinically, it is essential that strain is not used as a black 
box and that the underlying strain curves are assessed.

Although the expression of longitudinal strain (short-
ening) as a negative number is completely correct from 
the standpoint of the underlying physics, it has led to 
significant confusion in the interpretation of strain by 
nonexperts. As strain moves from being the domain of 
researchers and cardiologists to other clinicians (e.g., 
oncologists in the setting of testing for cardiotoxicity), this 
has posed a significant problem. Recently, some authors 
have started to use an absolute (positive) value of GLS in 
reporting their data.8,9 A recent opinion piece from the 
editors of an imaging journal proposed that to increase 
the understanding of GLS, it should be quoted as an abso-
lute, positive value,10 perhaps labeled as global longitudi-
nal shortening. There is a precedent in the expression of 
GLS as a positive number because if EF were calculated in 
the same way, it also would be a negative parameter. This 
is a matter of ongoing discussion, but at present, the 
guidelines support its expression as a negative number.

THE PHYSIOLOGY OF STRAIN
The three dimensions of LV and right ventricular (RV) 
strain calculation are longitudinal (obtained from the 
apical views), circumferential (obtained from short axis 
views), and a measure of myocardial thickening (radial 
in the short axis and transverse in the apical views). Of 
these three measurements, longitudinal strain is the 
most robust and most widely used. There seems to be 
little incremental information from using circumferen-
tial strain, although it has been used to predict LV re-
modeling.11 Radial and transverse strain are the least 
reliable, and one of the reasons for this might be that the 
amount of myocardium used for this calculation is sig-
nificantly less than the others. Accordingly, the use of 
radial strain is not recommended. Moreover, although 
total deformation is quantified by measuring the three 
sheer strain components, sheer is currently neglected in 
clinical practice, with the possible exception of torsion.

Myocardial fibers are arranged in a helix so that 
contraction leads to longitudinal shortening as well as 
radial thickening. This orientation provides a mechani-
cal advantage, whereby approximately 10% shortening 
of each myofibril is able to translate to a 50% EF 
(Fig. 1.3). There are multiple myocardial layers, with 
predominantly longitudinal fibers in the subendocar-
dium and epicardium, and predominantly radial fibers 
in the midmyocardium. These obliquely orientated 
myofibers generate an apical counterclockwise twist 

Strain: dimensionless index of
change in length

L

Strain (�) = L–L0/L0

L0

Fig. 1.2  Definition of strain. Strain is the ratio between the 
initial length and the final length of the measured structure.
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Although LV-GLS and LVEF are both ejection phase 
markers, changes in each do not necessarily correlate. 
The reason is that EF is associated with GLS, global cir-
cumferential strain (GCS), wall thickness, LV size, and 
diastolic volume.15 Although LVEF is proportional to the 
square of GCS, it is only linearly related to GLS. LVEF is 
inversely related to LV radius, so smaller LV cavities and 
LV hypertrophy (LVH) are associated with preserved EF, 
even if GLS is impaired. The implications of these rela-
tionships are particularly important in valvular heart 
disease and are discussed in more detail in Chapter 7.

ECHOCARDIOGRAPHIC STRAIN 
METHODOLOGIES

Tissue Velocity Imaging
The fundamental work that underpins the assessment of 
strain is decades old and is based on observations from 
animal models using microcrystals. The initial application 
of this parameter in echocardiography was undertaken 
using tissue velocity imaging in the 1990s. Fundamentally, 
this technique examined the difference in velocity along 

and a basal clockwise twist driving torsional ventricular 
contraction.12,13 Torsion correlates with untwist, which 
contributes to isovolumic pressure decay, generating an 
intraventricular pressure gradient responsible for dia-
stolic suction and facilitation of LV filling (Fig. 1.4). 
Two observations are important in relation to this. 
First, the direction of measurement of strain pertains to 
the direction of the wall rather than the direction of the 
fibers themselves, so it is important to consider that 
these measurements are an approximation. Second, 
although there is much interest in the separate measure-
ment of subendocardial and subepicardial function,  
this is dependent on the assumption that there could be 
differential movement of these components, which is 
unproven.

Strain is an ejection phase index and is therefore sus-
ceptible to loading, particularly afterload, and to a lesser 
degree to preload and heart rate, both of which involve 
LV cavity size. Because of this contribution from loading, 
strain is not an optimal index of contractility. In fact, the 
closest deformation parameter to this is strain rate, 
which has been shown to correspond to dP/dt and thus 
better reflect the inotropic state of myocardium.14

�SL � 13%
�epi � –7%

�mid
 � –15%

�endo � –26%
�rad � �37%

EF � 60%

Diastole

Diastole

Systole

Systole

2.07 �

1.81 �

20 mL50 mL

1.0 cm
1.4 cm

Fig. 1.3  Applied physiology of the transition from fiber shortening to ejection fraction (EF). A 10% change in 
fiber length translates to an epicardial strain (eepi) of 27%, midwall strain (emid) of 215%, and endocardial 
strain (eendo) of 226%, with a radial strain (erad) of 37% and EF of 60%.
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the region of interest, providing strain rate, which was 
integrated to provide the assessment of strain (Fig. 1.5). 
The strength of this approach was very high temporal 
resolution, which allowed reliable assessment of strain 
rate, as well as recognition of transient events. However, 
the weakness was that Doppler is fundamentally 
directional, so deviation from parallel alignment of the 
ultrasound beam and the wall could lead to significant 
underestimation of deformation. A second problem was 
that the technique was very susceptible to signal noise.

2D Speckle Tracking
The clinical application of strain became substantially 
more feasible with the development of speckle tracking in 
the early 2000s.16 The underlying principle behind this 
technique is similar to the optical mouse on a computer: 
The myocardium is characterized by a “texture,” created 
by speckles, which are persistent artifacts. As the myocar-
dium moves, it is possible to track the speckles from 
frame to frame and therefore assess myocardial deforma-
tion in relation to the original measurement. Inherent in 
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a frame rate of 50 to 90 frames per second. Although 
circumferential strain requires the acquisition of short-
axis images, most clinical strain is performed with GLS, 
and this is derived from apical four, two, and long-axis 
views. Although there have been efforts to calculate 
strain from a single view, the resulting management 
risks greater levels of variability than from averaging 
three views19 and is therefore not recommended. Atten-
tion to detail is important (Table 1.2). Detailed practical 
and technical guidance relating to strain measurement 
has been recently published.20,21

The dependence of strain measurement on the ability 
to accurately track the myocardium means that it is not 
feasible in every case, in a similar way that measurement 
of EF using the Simpson biplane technique is not always 

this approach is the assumption that the speckles do not 
move out of plane. However, as the myocardium twists 
during systole, speckles do move out of plane, implying 
that late systolic and diastolic measurements are less reli-
ably measured than measurements at the beginning of 
systole. Using standard 2D imaging, speckle imaging is 
performed at a frame rate of 50 to 90 frames per second. 
In many instances (e.g., during the tachycardia associated 
with stress echocardiography), this leads to undersam-
pling and hence underestimation of strain and strain rate. 
New equipment is being developed that will improve 
temporal resolution by an order of magnitude, and this 
will permit interesting new applications, such as elastog-
raphy, but at a cost to image quality.

3D Speckle Tracking
The 3D technique has the benefit of being able to track 
speckles out of plane and should therefore be able to pro-
duce more reliable signals, particularly in late systole and 
diastole. However, the temporal resolution of 3D is lower 
than that of 2D imaging, with most 3D datasets recorded 
at 20 volumes per second. Generally there is a tradeoff 
between temporal and spatial resolution, with the latter 
suffering as temporal resolution increases. At present, al-
though 2D speckle is imperfect, it is the most feasible and 
robust means of performing deformation imaging.

Multilayer Strain
There is a normal gradient of strain from the epicar-
dium (lower) to the endocardium (greater), and multi-
layer strain analysis may identify disturbance of this 
relationship, providing information about various dis-
ease entities.17 However, although the myocardium is 
divided into specific layers, they are bound together by 
the interstitium, and it seems likely that deformation in 
one layer affects another. Moreover, as mentioned in 
relation to radial strain, small regions of interest pro-
vide greater variance than larger ones, and strain pro-
files seem to be influenced by not only measurement 
but also the expectations of the software. This point is 
emphasized by the fact that endocardial circumferential 
strain in infarcted segments does not become 0%, even 
in the presence of transmural infarction.18

ACQUISITION AND PROCESSING

Image Acquisition
The measurement of 2D strain requires acquisition of 
high-quality images with clear endocardial definition, at 

Appropriate depth Appropriate depth, including the 
mitral annulus in diastole and 
effective visualization of the 
leaflet insertion point at  
annulus. This usually requires 
inclusion of up to half of the 
left atrium.

Appropriate sector 
width

Wide sector, to include (a) the 
entire apex in diastole, (b) 
some RV to ensure capture of 
the entire septum, and (c) epi-
cardial borders of the anterior 
and lateral walls. A wide sec-
tor may sacrifice frame rate, 
but this is acceptable if it re-
mains in the range of 40–70 
frames/second.

Appropriate gain 
setting

Slight overgain helps checking  
endocardial tracking.

Avoid  
foreshortening

Foreshortening may cause over-
estimation of apical strain.

Clear endocardial 
border

Appropriate endocardial defini-
tion is needed, as for perform-
ing LV volumes and EF.

ECG tracing A good-quality ECG tracing is  
critical because QRS and T 
waves are often used to define 
beginning and end systole.

TABLE 1.2 Acquisition and Selection of 
Appropriate Image(s) for Global 
Longitudinal Strain Measurement

ECG, Electrocardiogram; EF, ejection fraction; LV, left 
ventricle; RV, right ventricle.
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possible. Nonetheless, GLS measurements are feasible in 
about 90% of patients; as with 2D imaging generally, 
bigger problems arise from the constraints of lung  
disease than obesity.

Image Processing
Vendor-based variations in the assessment of strain are 
perceived as a major impediment to a general use of 
GLS in clinical practice. They arise almost completely 
from differences in postprocessing rather than differ-
ences in imaging.22 Variations in strain measurements 
between vendors relate to different approaches to post-
processing. Some vendors track the endocardium to 
provide endocardial strain, which is higher than mid-
wall, epicardial, and total strain. Other sources of varia-
tion include the automated measurement of peak versus 
end-systolic strain, which may differ if there is postsys-
tolic shortening. Finally, different algorithms initiate the 
measurement process using different approaches, which 
also may contribute to variability. The European Asso-
ciation of Cardiovascular Imaging (EACVI)/American 
Society of Echocardiography (ASE) Industry Task Force, 
involving major echocardiography societies and manu-
facturers, has curtailed the degree of variation between 
manufacturers,23 which seems in the current era to be 
less than that reported in about 2010.24 It should be kept 
in mind that test-retest variation (as well as possible  
differences in software) lead to variations in standard 
parameters (including dimensions and EF) that exceed 
the current variations in GLS.

The second explanation for failure to use GLS is that 
it is perceived as technically challenging or requiring 
specialist knowledge. Although this was true during the 
development of deformation imaging from tissue Dop-
pler, its derivation from speckle tracking has increased 
the feasibility of this measurement. Although there is a 
learning curve for trainees to attain the performance of 
experts (Fig. 1.6), this process appears to be short.25 Al-
though it should not be used without knowledge of its 
limitations and potential pitfalls, this is true of any  
imaging modality.

GLS is load dependent, but this shortcoming is in 
common with all ejection phase indices. Although abso-
lute GLS values .18% are normal, like any partition 
value, there is a “grey zone” of normal strain (16–18%) 
due in part to the effect of afterload on GLS as well as 
being age related26 and sex related.27

The first step in postprocessing is tracking the myo-
cardium. Modern software will automatically identify 
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Fig. 1.6  The impact of experience on strain measurements. 
This study of readers, divided into four groups on the basis of 
their experience, calculated global longitudinal strain (GLS) from 
speckle strain analysis of nine cases of various degrees of im-
age quality. Intraclass correlation coefficients (ICC), mean differ-
ence (MD), standard deviation (SD), and coefficient variance 
(CV) were compared.25 With increasing experience, there was a 
significant trend toward lower MD, SD, and CV of GLS measure-
ments. High, Highly experienced; Intermed, Intermediate ex-
perience; Limited, Limited experience; No, No experience.
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fiducial points at the mitral annulus and apex, and in-
deed a fully automated approach has been described. All 
software gives an opportunity for user interaction, and 
checking the adequacy of tracking is an essential step. 
The second step of postprocessing is to designate the 
region of interest, and the most common pitfall is to 
include the pericardium within this region of interest by 
making this too wide. Inclusion of the pericardium 
leads to underestimation of deformation. The third step 
is the recognition of the beginning of systole, and a va-
riety of algorithms have been used, including the up-
stroke of the R wave and the opening of the aortic valve 
in the apical long-axis view. Attention to this is impor-
tant because subsequent shortening will be calculated 
from this point. Figures 1.7, 1.8, 1.9, and 1.10 document 
the postprocessing sequence with a variety of vendors.28

Semiautomated measurements improve the speed 
and reproducibility of assessment of LV function29-33 us-
ing a variety of methods, including EF and strain, but 
also require supervision by an expert.29-32 However, it is 
important to realize that although there is a learning 
curve for GLS measurement, echocardiographers with 
no experience in strain imaging have a high precision 
(intraclass correlation coefficient, 0.975; 95% confidence 
interval [CI], 0.912–0.998), similar to that of expert 
readers (0.996; 95% CI, 0.988–1.000; p5.0002).25 A fully 
automated assessment has been described for measure-
ment of both LVEF and GLS.33 This kind of approach 
appears to be reliable for the recognition of normal 
function; however, it overestimates the number of stud-
ies with dysfunction, probably because of the underesti-
mation of actual parameter values with poor image 
quality. Thus, although an abnormal automated test 
warrants review by a human, the ability to have an initial 
screening process using an automated approach would 
be useful in a number of settings, including the detection 
of cancer treatment–related cardiac dysfunction,34,35 as 
well as the detection of asymptomatic LV systolic dys-
function in the community.36-38 In these situations, an 
experienced GLS user is not always immediately avail-
able for interpretation, and an automated assessment 
with high negative predictive value may be useful.

Display
After imaging data have been processed, they need to be 
displayed for interpretation, either as a quantitative 
measure, waveforms, or a parametric display. The large 
spectrum of potential measurements is daunting and 
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Fig. 1.7  Steps for global longitudinal strain (GLS) measure-
ment using Automated Function Imaging (AFI; GE Medical 
Systems).28 Selection of apical views: The apical long axis is the 
first view for AFI. Go to the “Measurement” menu to choose 
AFI and begin with the APLAX view. This enables a manual 
cross-validation of end systole with aortic valve closure. 

Tracing: Tracing with AFI occurs automatically in end systole, 
though manual marking of fiducial landmarks (two annulus and 
apex) may be necessary with technically difficult images. These 
points should be made based on the endocardial border rather 
than myocardium or pericardium. The automated definition of 
end systole is based on anticipated duration from the QRS 
wave or the end of the T wave. 

Tracking quality: This is the most important step in strain analy-
sis. The overlay between the software’s detection of the endo-
cardial border and the actual border should be assessed visu-
ally. Automatic displays of the adequacy of tracking are based 
on statistical metrics regarding edge detection within seg-
ments, but there is no substitute for visual assessment. If 
necessary, the border and the width of the region of interest 
may be adjusted. A broader width may include pericardium 
causing underestimation of GLS. Strain profiles are often used to 
check tracking quality. In a ventricle that appears normal, the 
strain profiles should be roughly similar in timing, morphology, 
and magnitude—major regional disparities should lead to fur-
ther efforts to check tracking. 

Integration: AFI gives peak systolic strain in a parametric (bull’s 
eye) display, but this is only possible if all three views had 
similar cycle length. In this case, follow-up GLS is reduced 
(215.9%) and deteriorated from baseline (221%).
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to identify aortic valve closure. It has a stronger rela-
tion to stroke volume and EF than contractility.

 4. Postsystolic strain: the shortening that occurs after 
the end of systolic ejection, sometimes expressed as 
postsystolic index (PSI, the ratio between postsys-
tolic and total strain). This signal may be a marker of 
ischemia and viability (Fig. 1.11).

 5. Systolic strain rate: This has been reported to be lin-
early related to indices of myocardial contractility, 
such as dP/dt.

may have been a contributor to the slow uptake of the 
modality.

The most useful magnitude parameters are
 1. Peak (maximal) strain: This is the peak value during 

the entire cardiac cycle; this is the most widely used,  
usually averaged across all LV segments as GLS.

 2. Peak systolic strain: This is the peak value during 
systole.

 3. End-systolic strain: This necessitates definition of end 
systole, usually based on the use of spectral Doppler 

 
 

 
 

 

View 
selection 

Tracing

Tracking
quality

Integration

Fig. 1.8 Steps for global longitudinal strain (GLS) measure-
ment using AutoStrain (Image Arena, TomTec Imaging 
Systems).28  Selection of images: AutoStrain by Image Arena, a 
vendor-neutral platform, is used by importing studies in DICOM 
format. Double click on the selected view (apical 4 chamber 
(4CH), 2 chamber (2CH) and 3 chamber (3CH)) to move the im-
ages into the workspace. 

Tracing: The entire left ventricular (LV) endocardial border is 
traced automatically, starting and finishing with the mitral valve 
insertion points. Timing of end systole is automated based on 
the minimum LV cavity volume, which can also be defined 
manually by measuring aortic valve closure time using pulsed 
wave Doppler of the LV outflow track (LVOT). 

Tracking quality: The assessment of tracking quality involves 
visual assessment, and adjustment of the end-diastolic and 
end-systolic endocardial linear contour may be required. 

Integration: After tracking three apical views, regional strains 
are combined to derive GLS in each view. This integration does 
not require three views of similar cycle length.
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Fig. 1.9 Steps for global longitudinal strain (GLS) measure-
ment using Automated Cardiac Motion Quantification 
(aCMQ; Philips, Best, Netherlands).28  Selection of images: 
After acquisition of appropriate images, aCMQ is activated for 
image processing. This software does not require a particular 
view to begin.

Tracing: aCMQ also allows an automated tracing or semiauto-
mated by marking three fiducial landmarks (two annulus and 
apex) on the endocardial border in technically difficult images. 

Tracking quality: Similarly, the overlay between the software’s 
detection of the endocardial border and the actual border 
should be assessed visually. If necessary, the border and the 
width of region of interest (ROI) may be adjusted. The ability to 
make this adjustment on segmental ROI is helpful to avoid the 
pericardial layer and papillary muscle; failure to do this may lead 
to underestimation or overestimation of GLS.

Integration: After strain profiles are created, the global results 
tab provides a parametric (bull’s eye) display of peak systolic 
strain (221%), which is normal.
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imaging. As with all timing measurements in echocar-
diography, this provides a higher degree of variability 
than the assessment of magnitude, and the use of speckle 
strain leads to potential undersampling. Nonetheless, 
increased LV mechanical dispersion (LVMD) (Fig. 1.12) 
assessed by speckle-tracking strain has been shown to be 
associated with ventricular arrhythmias for about a de-
cade.39,40 A recent meta-analysis has shown the optimal 
LVMD cutpoint is between 60 and 70 ms (Fig. 1.13). The 
predictive value of LVMD was superior to that of LVEF 
or GLS, and LVMD is on average 20 ms greater in groups 
with arrhythmias than those without; each 10-ms incre-
ment of LVMD was independently associated with ven-
tricular arrhythmia events (HR, 1.19; 95% CI, 1.09–1.29; 
P ,.01).41 Timing parameters have also been used in the 
assessment of LV synchrony, but their use has been 
dwarfed by the assessment of magnitude.

In addition to strain curves, a variety of parametric 
displays can be used to summarize magnitude, space, and 
time. Examples are the “bull’s eye” map or a parametric 
curved M-mode display in which strain rates are com-
pared in several segments. These M-mode displays are 
very effective for the measurement of differences in timing 
of contraction and relaxation, and this assessment is fa-
cilitated by marking two mechanical events: aortic valve 
closure and mitral valve opening. We mark the time of 
aortic valve closure from the spectral Doppler display of 
LV outflow. Mitral valve opening timing is marked on the 
transmitral Doppler image as the beginning of the E wave.

DEFINING THE NORMAL RANGE
Normal myocardium shortens by approximately 20%. 
However, definition of the normal range provides some 
specific challenges. First, it cannot accurately be identi-
fied from normal echocardiograms gathered in a clinical 
echocardiography laboratory because these individuals 
undergo testing for the elucidation of symptoms. Prefer-
ably, normal populations (i.e., comprising normal vol-
unteers), specifically recruited as healthy referent groups, 
might serve for this purpose. Meta-analysis of GLS in 
different patient subsets has defined the distribution of 
mean values in these populations but has not accurately 
defined the variance in normal GLS.42,43 The difficulty in 
defining the lower limit of normality has been one factor 
that has delayed uptake of GLS into clinical practice.

The normal range of GLS has been addressed in a re-
cent individual patient meta-analysis of reported results 
after 2011, to supersede the previous meta-analysis43 and 

 6. Diastolic strain rate: The diastolic profile reflects two 
phases, passive and active filling.2 However, the timing 
and magnitude of this measurement is nonuniform.

 7. Isovolumic contraction and relaxation velocity 
waves: These may invert from negative to positive 
during ischemia.
As well as assessing the magnitude of contraction, 

timing parameters can be assessed using deformation 
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Fig. 1.10  Steps for global longitudinal strain (GLS) measure-
ment using Velocity Vector Imaging (Siemens, Mountain View, 
CA)28 Selection of images: After acquisition of appropriate 
apical images, a right click on the selected view permits selec-
tion of the velocity vector imaging (VVI) function. This does not  
require a specific initial view. The definition of end systole in VVI 
is based on electrocardiogram (QRS and T wave). 

Tracing: Manual tracing the entire left ventricular (LV) endocar-
dial contour is necessary, and care should be taken to begin 
and end the tracing on the mitral valve leaflet insertion points. 
Inclusion of the papillary muscles may cause overestimation of 
GLS. Tracing is often done in end systole, and manual adjust-
ment of timing of tracing is possible. 

Tracking quality: Visual assessment of tracking quality in VVI 
can be challenging compared to AFI or aCMQ because it is a 
linear contour. “Endo vector” can be turned on or off to facili-
tate this process visually. During processing, slight “over gain” 
of the images may optimize endocardial tracking, and freezing 
and “stepping through” freeze-frame images is essential. 

Integration: After tracking three apical views, regional strains are 
combined to derive GLS based on either peak or peak systolic 
strain. The bull’s eye can be displayed in recent versions of the 
software and does not require three views of similar cycle length.



11CHAPTER 1 Strain Imaging Applications and Techniques

*

*

*
* *

*
*

**
**

*

*

*

*
*

*
*

*

* * *

*

*

*

*

*

*

*

*

*

M
ax

im
al

 s
ys

to
lic

st
ra

in
 r

at
e 

(s
–1

)
12

80

60

40

20

8

4

0 2000 4000
dP/dtMAX (mm Hg • s-1)

6000

S
ys

to
lic

 s
tr

ai
n 

(%
)

Bas
eli

ne

Isc
ha

em
ia

Stu
nn

ing

Bas
eli

ne

Rec
ov

er
y

10
 d

ay
s

DobutaminedP/dtMAX (mm Hg • s-1)
0 2000 4000 6000 S

ys
to

lic
 th

ic
ke

ni
ng

 (
%

)

Dobutamine
Isc

ha
em

ia

Stu
nn

ing

Bas
eli

ne

Rec
ov

er
y

Rec
ov

er
y

10
 d

ay
s

Dobutamine

10

6

2

80

60

40

20

80

60

40

20

80

1010

6

2

60

40

20

80

60

40

20

80

60

40

20

90

70

50

M
ax

im
al

 s
ys

to
lic

st
ra

in
 r

at
e 

(s
–1

)
S

ys
to

lic
 s

tr
ai

n 
(%

)

M
ax

im
al

 s
ys

to
lic

st
ra

in
 r

at
e 

(s
–1

)
S

ys
to

lic
 s

tr
ai

n 
(%

)
S

ys
to

lic
 th

ic
ke

ni
ng

 (
%

)

M
ax

im
al

 s
ys

to
lic

st
ra

in
 r

at
e 

(s
–1

)
S

ys
to

lic
 s

tr
ai

n 
(%

)
S

ys
to

lic
 th

ic
ke

ni
ng

 (
%

)

y = 0.001x + 2.4
      R = 0.85
      P <.001

Y = –5.10-06x 2 +
0.04x +10

R = 0.7  p < 0.01

HR < 135
HR ≥135

HR < 135
HR ≥ 135

2.5 5 10 202.5 5 10 202.5 5 10 20

6

2

A Posterior wall B Septum

Fig. 1.11  Use of strain and strain rate to identify ischemia. In this closed-chest pig model of dobutamine re-
sponse after 30 minutes of hypoperfusion, ischemia is most readily identified with strain rate. The normal 
response of strain to increasing dobutamine dose (and therefore heart rate [HR]) is that it reaches a plateau 
as left ventricular (LV) cavity size decreases, whereas the normal response of strain rate to dobutamine is to 
show a continuing increment.

Standard deviation of time
to peak negative strain

Time to peak negative strain
200

–24
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Fig. 1.12  Contractile dispersion. The individual strain curves of this left ventricle show a different time course, 
measurable as time to peak strain. The standard deviation of this distribution is a reflection of heterogeneity 
of contraction and a marker of arrhythmogenicity.
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systems.24 These results are similar to the vendors’ normal 
range for GLS in the meta-analysis (General Electric 
[220.7% 6 2.4%], Philips [220.1% 6 2.4%], and Sie-
mens [220.0% 6 2.7%]), with the greater normal value 
with the TomTec system (222.2% 6 2.7%, P ,.01 vs 
other vendors) likely reflecting the measurement of endo-
cardial strain. Strain has been reported to be less in women 
than men, presumably related to the smaller female heart; 
in people without cardiovascular disease or traditional risk 
factors, the absolute GLS difference between men and 
women is .1%.27,45

Although the use of single measurements is interpre-
table, albeit with some ambiguity in the range of 216% 
to 218%, it is generally easier to use GLS with each 
patient acting as one’s own control (e.g., in sequential 
follow-up for potential cardiotoxicity).46 The estimation 
of myocardial work (MW), derived from strain, may 
overcome the afterload dependence of this parameter47 
by integrating myocardial strain and afterload, which 
provides a parameter that can be compared under dif-
ferent loading conditions.47,48 This measurement, vali-
dated in animal models, links the process of myocardial 
shortening to intraventricular pressure within the left 
ventricle, which is approximated from estimation of BP. 

reflect the evolution of speckle-tracking technology, 
which has seen a reduction of vendor variability since the 
previous report.44 The results were based on the data pro-
vided by 8 of 25 publications, involving 2396 patients of 
mean age 42 years (range 18–92), with body surface area 
1.7 6 0.2 m2. The normal range for GLS was 221.0 6 
2.6%, so that more negative than 218% is definitely nor-
mal, and strain that is less negative than 216% is almost 
certainly abnormal, with 2.8% of samples from normal 
people being less than this. The range between 216% and 
218% is ambiguous, probably abnormal, but normal 
measurements may be in this category due to increased 
afterload and older age. The latter may reflect the influence 
of subclinical disease on strain, keeping in mind the nor-
mal ranges are not necessarily defined in individuals tested 
to ensure that they do not have undiagnosed coronary 
disease, for example. Whatever the cause, age-based varia-
tion of GLS seems to be relevant in individuals over age 60 
years, who show impairment of GLS, compared with pa-
tients under age 60 years (19.9% 6 2.9% vs 21.1% 6 2.6%, 
P ,.01) (Fig. 1.14). Normal ranges for GLS also varied 
with common clinical covariates such as weight and blood 
pressure (BP). Table 1.3 lists the average and lower limits of 
GLS in the same normal individuals scanned with multiple 
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wall and interventricular septum) is more robust than the 
exclusive delineation of RV free wall. However, RV defor-
mation limited to RV free wall is more representative for 
RV contractile function than the four-chamber RV strain 
(i.e., including also interventricular septum).

LA strain (and by analogy, RA strain) evaluates res-
ervoir, conduit, and booster function (see Fig. 1.15). 

There are definitely attractions in using MW under cir-
cumstances en BP may change sequentially, such as dur-
ing follow-up for potential cardiotoxicity or in combi-
nation with exercise. However, an important limitation 
of this new parameter is the very large variation of its 
normal range, which likely leads to some overlap be-
tween normal and pathologic states.

One problem of defining a normal range is that it  
focuses attention on a single parameter. This is particu-
larly problematic when segmental strain rather than GLS 
is being measured. The reliability of GLS is to a significant 
degree a reflection of the benefits of averaging, which re-
duces the impact of noise in one or two individual seg-
ments. Segmental strain is therefore more susceptible to 
noise and random variability. Assessment of the strain 
signal is an important means of providing quality control 
because (1) some strain morphologies can be recognized 
as nonphysiologic, and (2) postsystolic shortening is a 
specific signal of myocardial ischemia (see Fig. 1.11).

STRAIN MEASUREMENTS IN CARDIAC 
CHAMBERS OTHER THAN THE LEFT 
VENTRICLE
Myocardial strain can be measured in all of the cardiac 
chambers. LV and RV strains are always measured by 
triggering on the R wave. Left atrial (LA) and right atrial 
(RA) strains can be assessed using R-wave triggering, as 
well as triggering on the P wave. Examples of strain 
curves in each cardiac chamber are provided in Figures 
1.15 and 1.16 and discussed in later sections.

The right ventricle and, specifically, left and right atria 
are thin walled; therefore, special care should be taken 
when defining the region of interest to ensure adequate 
tracking. In normal hearts, the RV free wall has higher 
absolute longitudinal strain values than the left ventricle. 
For technical reasons, tracking (including both RV free 

A

B

RESERVOIR BOOSTER

CONDUIT

RESERVOIR

CONDUIT

BOOSTER

Fig. 1.15  Components of the atrial strain curve. The components 
of the atrial strain profile are reservoir strain (the entire excur-
sion), conduit, and booster strains. (A) QRS as a reference point. 
(B) P wave as a reference point.

 GE Tomtec Siemens Philips

Mean 21.0 21.5 20.0 18.8
Lower limit (2SD) 17.1 17.5 16.4 15.2

TABLE 1.3 Global Longitudinal Strain Measurements in the Same Population with Recent 
Software

From Farsalinos KE, Daraban AM, Ünlü S, et al. Head-to-head comparison of global longitudinal strain measurements among nine 
different vendors. J Am Soc Echocardiogr. 2015;28:1171-1181.e2.
GE, General Electric; SD, standard deviation.
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CLINICAL APPLICATIONS
GLS is more sensitive for the detection of early change in 
LV function than LVEF49-51 and is a robust marker of 
subclinical LV dysfunction, which can be used for prog-
nostic or diagnostic assessment. GLS can provide impor-
tant predictive value for adverse events in patients in a 
variety of situations and has superior predictive value to 
LVEF for risk stratification.52-55 In a meta-analysis in 
which it was compared with EF, a standard deviation 
change of GLS provided approximately 1.5 times the 
prognostic information obtained from EF, irrespective of 
whether EF was preserved or reduced.54 The diagnostic 
value of GLS is based on its ability to identify subclinical 
LV dysfunction in a number of situations, including the 
early stages of heart failure (including cardiotoxicity,  

These functions are relevant modulators of ventricular 
filling and cardiovascular performance. The reservoir 
function corresponds to the collection of venous inflow 
during ventricular systole and is dependent both on 
atrial characteristics (relaxation and stiffness) and ven-
tricular contraction. The conduit function is associated 
with blood passage to the ventricle during early diastole 
and influenced by ventricular relaxation and atrial after-
load. The active booster function reflects atrial intrinsic 
contractility but is modulated by ventricular compliance.

LA size (which is influenced by atrial pressure and 
pulmonary venous pressure) may be an important in-
fluence on strain. The assessment of LA compliance is 
analogous to the measurement of LV work and com-
pensates LA strain for LA volume.

B

A

C

Fig. 1.16  Strain profiles in different chambers. (A) Three apical views of the left ventricle with bull’s eye; 
(B) right ventricular free wall; (C) right atrium.
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Central Illustration 1.1 The addition value of strain (LVGLS, RVGLS, atrial strain) to standard measures for 
left ventricular (LV), right ventricular (RV), and atrial assessment. In most instances, the incremental value of 
strain is based on its ability to identify subclinical dysfunction in a number of situations, including the early 
stages of disease.1

diabetes, hypertension, and obesity) and valvular disease 
(Central Illustration).1 Recent studies have also reported 
that subclinical LV systolic dysfunction, defined as a 
reduced GLS, was more frequent than that defined as a 
reduced LVEF and that this is a powerful and  
independent predictor of cardiovascular events in a 
community-based cohort.53,56 Evidence exists that LV 
untwisting measured by speckle tracking provides in-
cremental value in predicting adverse outcome both in 
the preclinical disease and clinically overt heart failure 
(with preserved EF).57-59

Strain has emerged as a valuable tool in the assessment 
of atrial and ventricular function, in part because of the 
limitations of the existing modalities for assessment of the 
function of these chambers. Finally, strain has been used 
to characterize the underlying disease process affecting the 

myocardium. These indications are based on the regional 
distribution of strain within the heart as an analog for the 
assessment of myocardial tissue characterization, For  
example, specific patterns of regional inhomogeneity of 
deformation have been employed in the distinction of 
amyloid disease from other forms of hypertrophy and in 
the recognition of hypertrophic cardiomyopathy. The use 
of strain for these purposes is confounded by the fact that 
it is a functional marker, potentially allowing functional 
change to either hide or exaggerate changes that are at-
tributable to normal myocardium.

CONCLUSION
Assessment of cardiac (especially LV) function is es-
sential to important decision making in cardiology. 
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dimensional strain rate imaging to assess short-axis  
and long-axis myocardial function. J Am Coll Cardiol. 
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versus standard multiview assessment of global longitu-
dinal strain for the diagnosis of cardiotoxicity during 
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Although all clinicians rightly depend on LVEF for this 
purpose, there are fundamental problems with the  
reliability and precision of these measurements. More-
over, LVEF served us well in the era of HF with  
reduced EF, but the emergence of HF with preserved 
EF as the predominant form of HF60 necessitates a new 
approach, as does the need to identify subclinical dis-
ease and follow patients sequentially. GLS provides a 
solution to these limitations, and the use of strain per-
mits quantification of the function of other chambers. 
In most laboratories, GLS is still not yet part of the 
clinical routine for a number of reasons. It has been 
perceived as being time consuming (but adds only a 
couple of minutes to a study), and although there is  
a learning curve, this is short.61,62 The other chapters of 
this book should inform the wider use of this impor-
tant measurement.
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