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Abstract

Background Myocardial strain—change in myocardial fibre length over the cardiac cycle—is a measure of cardiac muscle
function. It is obtained using conventional techniques such as echocardiography and magnetic resonance imaging, adding
additional clinical information to augment the current techniques.

Methods A narrative review of the current relevant literature with respect to myocardial strain, with a focus on strain meas-
ured by echocardiography.

Results Myocardial strain identifies global and regional abnormalities in myocardial function and differentiates types of
cardiomyopathy. It is an earlier marker of myocardial disease than ejection fraction and is predictive of cardiovascular adverse
events. Accurate measurement requires high-quality images and experienced practitioners.

Conclusion This review explains advantages and disadvantages of myocardial strain imaging and explains why, through

adding increased precision without additional burden, it should be a standard part of cardiac assessment.
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Introduction

Modern medical practice requires cardiac imaging that is
precise and safe. The ideal technique is minimally invasive,
low cost, easily repeatable, and reproducible, without irradi-
ation or interobserver variability [1]. The key parameter for
cardiac function is left ventricular ejection fraction (LVEF).
The most appropriate technique depends on the clinical

Key messages

o Left ventricular ejection fraction measures systolic cardiac
function. However, it does not become abnormal until a
substantial amount of myocardial dysfunction is present.

e Myocardial strain can provide increased precision in cardiac
assessment without additional burden as it can be measured
using standard imaging techniques. It can identify myocardial
dysfunction at an earlier stage than ejection fraction.

e Myocardial strain has clinical utility in cardiac disease, cardio-
oncology and in screening of healthy populations.
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situation. The gold standard is cardiac magnetic resonance
imaging (CMRI) [2, 3]. It is highly accurate and reproduc-
ible and can assess both structure and function. It can be
particularly useful to characterise the ventricular myocar-
dium to determine the aetiology of a reduced LVEF [4].
However, it is expensive, time-consuming, and not widely
available in clinical practice. Allergies to contrast agents
can also be an issue, particularly for patients undergoing
repeated studies [4].

Multi-gated acquisition scanning (MUGA) is common
and precisely estimates LVEF with little interobserver vari-
ability. However, it provides limited information on other
important aspects of cardiac function like heart structure
and diastolic function [1]. MUGA is expensive and time-
consuming with ionising radiation exposure. This makes it
inappropriate for repeat tests. It requires specialised staff and
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equipment. There can be difficulty accessing optimal image
acquisition angles and syncing electrocardiograph (ECG)
gating in arrhythmias [5]. The usage is in decline [6].

The most widely available and commonly used technique
is echocardiography (echo). It is widely available, non-
invasive, versatile, and inexpensive with minimal patient
discomfort [7]. It gives information on systolic and diastolic
heart function and muscle movement. In addition to left and
right ventricular function, pericardial and valvular function
and ventricular wall mechanics can be recorded [5]. There is
no radiation, and contraindications are few. Several consen-
sus documents recommend echo monitoring for patients on
cardiotoxic chemotherapy, with CMRI recommended as a
second line if echoes are of poor quality [4, 8].

There are inherent limitations nevertheless on how echo
assesses heart structure and calculates LVEF. It depends on
the assumption that the left ventricle is symmetrical and on
reliable visualisation of endocardial borders. LVEF itself
also has major drawbacks. It rarely declines to a measurable
level until after a critical amount of irreversible myocardial
damage [9]. Those with high-grade myocellular injury on
biopsy may not have marked LVEF changes [4].

Intra- and interobserver variability, changes in machines
and algorithms, and (because LVEF is a dynamic function)
dependency on heart rate and load can cause difficulty meas-
uring LVEEF serially. Better techniques are needed to mitigate
these limitations, improve accuracy, and maintain accessible,
low cost, and time-efficient cardiac assessment. The meas-
urement of myocardial strain by 2D and 3D speckle tracking
echo can accomplish this with earlier detection of more subtle
myocardial function abnormalities than standard echo. While
strain can also be measured on CMRI, this review focuses
mainly on echo due to its predominance in the clinical setting.

Myocardial strain

Myocardial Strain (strain) is a dimensionless index of total
ventricular myocardial deformation in a cardiac cycle (as
a percentage). It uses ultrasound wave frequency shifts to
calculate fractional change in length of part of the myocar-
dium compared to its original length [10]. Strain rate is the
rate of deformation (or stretch). Systolic strain measures the
percentage change in myocardial fibre length in multiple
directions during left ventricular contraction—usually at
ventricular end systole (aortic valve closure) [11].
Myocardial deformation can be circumferential, longitu-
dinal, or radial and the three strains interrelate (Fig. 1). Each
is relative, a change in length over time. Myocardial fibres
change orientation gradually from a counterclockwise helix
(subendocardium) to clockwise in the subepicardium. Dur-
ing the cardiac cycle, the LV deforms in multiple directions:
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it shortens longitudinally and circumferentially but thick-
ens radially [11]. There is also shear deformation—from
the opposing rotation at the LV base and apex—manifested
as a ‘twist’.

e Longitudinal strain is dominant in systolic strain [11]. It
usually has a negative value due to shorter longitudinal
fibres.

e Circumferential strain measures myocardial wall short-
ening from inward movement of the overall endocardial
circumference. This would still occur even without cir-
cumferential fibres. In practice, it measures myocardial
diameter reduction as the wall thickens. The thickening
relates to wall shortening; heart muscle is not compress-
ible.

e Radial strain is in the direction of the ultrasound beam
and is really transmural strain (as there are no radial
fibres). It is the sum of both subepicardial and subendo-
cardial radial deformations [11].

Fig. 1 Directions of myocardial strain. Myocardial strain can be lon-
gitudinal (1), circumferential (2), and radial (3). Created in BioRen-
der.com
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Longitudinal LV mechanics are most sensitive to myocar-
dial disease and predominantly governed by the subendocar-
dium. In early disease, circumferential strain and twist may
remain normal as midmyocardial and epicardial function
compensate to preserve LV systolic performance [12]. As
disease progresses, or after transmural damage, concomitant
midmyocardial and subepicardial dysfunction will reduce
LV circumferential and twist mechanics and lower LVEF.

Strain can be calculated by standard 2D echo, when
images are of appropriate quality, with a high frame rate
(50-80 frames/second) to maximise spatial resolution but
maintain sensitivity to motion and change [11, 13, 14].
This information is additional to that from conventional
echo, during the same intervention, and can mitigate some
limitations. CMRI can visualise any desired plane, without
limitations on acoustic windows [2]. Longitudinal strain
is derived from horizontal and vertical long-axis cines,
while circumferential strain is derived from short axis
cines. In both cases, results are calculated by software-
specific algorithms.

Strain accurately describes contraction/relaxation
because it measures myocardial deformation directly [10],
global right and left ventricular function, and regional
wall deformation. Although it requires specialised equip-
ment, software, expertise, and time, there is no increased
patient burden beyond routine echo or CMRI. It is sensi-
tive to subclinical LV systolic function deterioration, with
a decrease in strain detectable before overt LVEF change
[15]. It can also predict future EF decline [9].

Methods of measurement

The choice of instrument influences myocardial strain utility
(see Table 1). Strain was first measured by tissue Doppler
imaging (TDI), which uses Doppler to analyse myocardial

motion at one point relative to another [16]. To ensure accu-
racy, TDI-based analysis requires data acquisition for each
myocardial segment, with high frame rates and high-quality
images. It is angle-dependent, as the walls must be aligned
with the Doppler beam. Significant expertise is required
for proper interpretation, as there is considerable inter- and
intraobserver variability [15]. These factors limit use to spe-
cialist cardiology, so it is no longer the method of choice.

Speckle tracking echocardiography (STE) tracks natural
acoustic reflectors (‘speckles’) within the myocardium from
frame to frame to determine both deformation (strain) and
deformation speed (strain rate) [5]. This allows measurement
of longitudinal, circumferential, and radial strain in multiple
segments and rotational parameters. It can be obtained by
standard 2D images and 3D echo (Fig. 2) [2]. The repro-
ducibility is superior to TDI-based analysis, and better for
longitudinal than radial strain [15]. As speckle tracking is
semi-automated, analysis is also faster than TDI.

The accuracy of STE depends on 2D image quality and
frame rates. Low frame rates produce unstable speckle pat-
terns, while high rates reduce image resolution [12]. Arte-
facts that resemble speckle patterns must be avoided as they
impair tracking quality, so interpretative expertise is impor-
tant [11]. Speckles are recorded more clearly parallel to the
sonography angle so apical views are best for longitudinal
deformation and the parasternal short axis for circumferen-
tial and radial deformation.

There are a number of techniques to calculate strain on
CMRI, with the most common being tissue tagging. Differ-
ent myocardial regions are ‘tagged’ magnetically. The move-
ment of these tags during contraction allows direct measure-
ment of myocardial deformation. An alternative technique is
feature tracking using artificial intelligence (Al) algorithm
processing. Regions of interest are tracked during post-pro-
cessing after identification of myocardial boundaries, in a
process similar to STE [2].

Table 1 Advantages and disadvantages of echocardiographic methods for tissue tracking

Strain modality Advantages

Disadvantages

TDI Requires frame rates > 100/s

Useful for longitudinal deformation

2D-STE Relatively cheap

Portable/bedside test

Less angle dependent

Allows tracking throughout the cardiac cycle

Measures all directions

3D-STE

Simultaneous assessment of deformation in all directions

Extremely angle dependent
Unsuitable for radial/circumferential deformation

Proximal speckle tracking > distal

Depends on ultrasound quality

Measures one direction at a time

Some angle dependence

Variability in methods and normal values from
hardware and software differences

Depends on ultrasound quality
Limited spatiotemporal resolution
Complex offline image processing

Adapted from Omar and Sengupta 2018 [11]

*TDI tissue Doppler imaging, 2D-STE two-dimensional speckle tracking echocardiography, 3D-STE three-dimensional speckle tracking echocar-

diography
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Fig.2 Images shows two-dimensional speckle tracking-derived
strain, measured using EchoPac™ (GE Healthcare, Norway) soft-
ware. Left image shows longitudinal strain on an apical four cham-
ber view. Right image shows radial strain at the level of the papil-
lary muscle. Strain is calculated over each of six standard segments,
which are colour-coded (bottom left and right), and then averaged to
a global score

Clinical utility

Global longitudinal strain (GLS), which measures myocardial
shortening of the left ventricular segments from base to apex,
is most reliable and clinically relevant for early reductions in
myocardial function [17]. It correlates better with CMRI than
2D echo [13]. The prediction of cardiovascular events is more
reliable by GLS than LVEF (hazard ratio 1.45 versus 1.23 for
LVEEF over clinical variables alone) [16]. It is independently
associated with all-cause mortality and a composite measure
of cardiovascular events (arrhythmia, death, or heart failure
hospitalisation) [13, 18]. While it does not replace EF, there
is a strong view that all transthoracic echo reports should add
GLS to conventional parameters [14, 18].

For myocardial strain to be clinically useful, normal
ranges of strain and strain rate in healthy populations are
needed, notwithstanding varied methodology and machines.
Normal longitudinal systolic strain in most segments var-
ies from— 16 to—22% [11, 19]. A meta-analysis found a
pooled mean normal GLS of — 19.7% (95% confidence inter-
val: —20.4 to—18.9%) [15, 20]. Based on this, it has been
suggested that — 18.9% be the cut off, with more positive val-
ues (i.e. closer to zero) considered abnormal [21]. A global
radial strain normal mean of 47.3% (95% CI 43.6-51%),
with a range of 35-59%, has been reported [15, 19]. Normal
resting longitudinal strain rates vary from 1.0/second (s) to
1.4/s (Standard deviation: 0.5/s to 0.6/s).
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Strain is influenced by preload (it increases as LV size
increases) and afterload (decreases as blood pressure rises).
Strain rate seems less dependent on load than strain. Strain
and strain rate vary with age, gender, and race [22]. Strain
is consistently higher in females than males and in younger
age groups than older (Table 2). The HUNT study (Table 2a)
provided age- and gender-specific reference values for longi-
tudinal strain and strain rate from 1266 healthy Norwegian
individuals [23]. The JUSTICE study (Table 2b) compared
three different strain software packages in 817 healthy Japa-
nese subjects [24].

Utility in cardiac disease

Deformation imaging is useful in early myocardial disease.
Reductions in strain and strain rate precede overall EF
reduction, particularly with thickened myocardial walls or
small ventricular cavities [16]. In ischaemia, the subendo-
cardial layer is most susceptible to damage, which may be
subclinical. Regional longitudinal strain is proportionately
significantly reduced after myocardial infarction, within the
infarcted area [12]. GLS can identify mild systolic dysfunc-
tion not reflected in reduced EF.

Deformation imaging can also identify covert left ven-
tricular dysfunction in cardiomyopathy before conventional
methods. Hypertrophic cardiomyopathy is characterised by
mutations in sarcomere-related genes that cause myofibril
disarray and myocardial hypertrophy [19]. In hypertrophy,
including hypertrophic cardiomyopathy, conventional echo
may overestimate EF as normal or ‘supernormal’ because
wall thickness reduces cavity volumes. Strain and strain rate
imaging are superior as they measure dynamic cardiac wall
change. They can distinguish myocardial from pericardial
pathology, cardiac amyloidosis from other cardiomyopa-
thies, and constrictive pericarditis from restrictive cardio-
myopathy (Table 3). Strain can improve prognostication in
cardiomyopathies, ischaemic, and valvular heart disease.
One standard deviation change in GLS was a stronger pre-
dictor of all-cause mortality than the same change in LVEF
[13]. In impaired LVEF, GLS and LVEF have a linear rela-
tionship—GLS — 11% corresponds to LVEF 35%—whereas
with normal LVEF, the relationship is curvilinear. So GLS
is of greatest advantage to identify subclinical myocardial
dysfunction, before LVEF declines [16].

Utility in cardio-oncology

Cardiotoxicity of many cancer therapeutic options, includ-
ing chemotherapy and thoracic radiotherapy, has increased
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Table 2 Above (2a): Systolic strain normal values by age and gender (HUNT study [23]); values considered abnormal if >2 standard deviations
(SD) from the mean. Below (2b): Global Longitudinal Strain (GLS) normal values (%, SD) by vendor, age, and gender (JUSTICE study [24])

Age (years)  End systolic strain (%, SD) Peak systolic strain rate (s™!, SD)

Female Male Female Male
<40 -17.9 2.1 —-16.8 (2.0) —1.09 (0.28) —1.01 (0.13)
40-60 -17.6 2.1) —-18.8(2.2) —1.06 (0.13) —1.01 (0.12)
>60 -15924) —-15524) —-0.97 (0.14) —-0.97 (0.14)
Overall -17.4 (2.3) —-159(2.3) —1.05(0.13) 1.01 (0.13)
Age (years) GLS: Vivid 7 (GE Healthcare) GLS: iE33 (Philips)

Male Female Overall Male Female Overall
0-19 —-21.7(3.1) —22.4(1.6) -22.1(24) —-19.4 (2.7) -20.5(2.2) -19.9 (2.5)
20-29 —-20.9(1.9) —22.3(1.6) —-21.2(1.9) —18.8 (2.0) —-20.6 (2.3) -19.0 2.1)
30-39 —20.6 (1.9) —-22.8(1.8) -21.1 (2.1) —-19.1 (2.3) —-20.2 (2.0) -19.52.2)
40-49 —20.9 (1.8) —-22.6 (2.1) -21.4(2.0) —-17.9 (2.8) —-19.3(0.9) —-18.2(2.5)
50-59 -21.0(1.9) -23.3(1.9) -21.0(2.2) —-16.9 (2.3) —-20.4 (1.5) -17.6 (2.5)
>60 -19.7(1.4) -20.9 (2.1) —-20.3(1.9) —-158(1.4) —-17.3(2.3) -16.7 (2.1)

interest in cardiac screening techniques which are accept-
able, accurate, reproducible, and safe. Numerous studies on
potentially cardiotoxic chemotherapies have shown reduc-
tions in myocardial strain before discernible change in EF,
which may predict LV dysfunction. A study in breast cancer
demonstrated that an 11% relative reduction (95% confi-
dence interval 8.3-14.6%) in GLS during trastuzumab ther-
apy was the strongest predictor of subsequent EF reduction;
sensitivity =65%, specificity =94% [25]. The American
Society of Echocardiography (ASE) and European Associa-
tion of Cardiovascular Imaging (EACVI) consensus states
that a relative percentage reduction in global longitudinal

Table 3 Myocardial deformation in cardiovascular disease

GLS GRS GCS

Aortic stenosis v v

Cardiac risk factor-induced sub- v v
clinical myocardial dysfunction

Normal or A
Normal or A

Normal Normal W
v

Normal or A

Constrictive pericarditis
Dilated cardiomyopathy

Heart failure preserved ejection
fraction

v

Heart failure reduced ejection

fraction
Normal or A
Ischaemic heart disease Normal or A

Normal or A

v

Mitral regurgitation

4444 < <<«

v
v
v
Hypertrophic cardiomyopathy v
v
v
v

Restrictive cardiomyopathy

Adapted from Omar and Sengupta 2018 [11]

*GLS global longitudinal strain, GRS global radial strain, GCS global
circumferential strain

strain > 15% is very likely to be abnormal, whereas < 8%
appears to be of no clinical significance [3].

Repeated studies to observe within-patient change pro-
vide more robust evidence of clinically significant change
in cardiac function and can monitor cardiotoxicity during
chemotherapy [19]. A comprehensive review of over 30
studies reported that early change in strain (10-15%) has
the best specificity for subclinical dysfunction and subse-
quent heart failure or reduced EF [16, 19]. Absolute GLS
values are also prognostic— GLS > — 17.5% independently
predicts cardiotoxicity from low-dose anthracyclines with
67% sensitivity and 97% specificity [26]. GLS > —16%
3 months into treatment predicts future cardiotoxicity (sen-
sitivity = 80%; specificity =90%), with negative predictive
value of future cancer treatment-related cardiac dysfunction
(CTRCD)=92%. The consensus supported routine clini-
cal use of 2D GLS in serial monitoring of chemotherapy-
induced cardiotoxicity [16].

Cancer itself is a significant predictor of reduced strain,
even after adjustment for age, sex, and cardiovascular risk
factors. This is consistent across different cancer sites, which
suggests a common mechanism of dysfunction [27, 28].
There is little information on myocardial strain in untreated
cancer patients [17]. A study of 122 patients with solid
tumours referred for cardiac assessment pre-chemotherapy
demonstrated markedly reduced longitudinal, circumfer-
ential, and radial strain compared to controls (non-cancer
patients referred for cardiac assessment) [28].

The SUCCOUR trial was the first randomised controlled
trial to base treatment on GLS, rather than LVEF [29]. It offers
some support for GLS for surveillance of CTRCD [26, 30].
At the 1-year follow-up, more patients got cardioprotective
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therapy in the GLS arm and fewer met the definition of
CTRCD. Although there was no statistical difference in LVEF
change in the two trial arms, when the subgroup which
received cardioprotective therapy was assessed, those in the
GLS-guided arm had significantly lower reductions in LVEF
[30, 31]. As yet, there is insufficient evidence to support delay-
ing or withholding cancer treatment based on strain measure-
ments, but any changes should prompt a thorough cardiovas-
cular assessment including imaging and cardiology review.

Utility in healthy populations

It is important that screening techniques avoid burden and
toxicity in healthy adults. The information from deformation
imaging, additional to conventional echo, could avoid more
invasive techniques.

Peak systolic strain of the septal and lateral walls, and
radial strain, are significantly higher in elite athletes than
comparative healthy controls, while right ventricular (RV)
deformation parameters are reduced. However, RV func-
tional reserve is normal in elite endurance athletes, despite
lower deformation measures at rest, which highlights the
ambiguities between physiologic RV remodelling and
pathology [32, 33]. The comparable RV contractile reserve
for elite and non-elite athletes suggests that lower resting
RV reserve values in elite athletes may represent physiologic
changes rather than subclinical myocardial damage.

Cardiac injury is frequently observed in COVID-19 and
is associated with higher mortality. A meta-analysis revealed
that lower LV-GLS and RV-LS are independently associated
with poor COVID-19 outcomes [34]. Hence, routine echo-
cardiography is reasonable and might be useful in people
hospitalised with COVID-19.

Limitations of myocardial strain

Strain varies depending on preload, afterload, and heart rate
[19]. Interobserver variability is 5.4-8.6% and intraobserver
variability 4.9-7.8%. This is comparable with other echocar-
diographic parameters like EF. It has a substantial learning
curve, and accurate reporting relies on multiple technical con-
siderations [16, 21, 24]. To mitigate subjectivity, optimisation
of image acquisition parameters is vital to ensure adequate
image quality. Extra time (up to 5 min per person) may be
required for image analysis, which cumulatively may con-
tribute burden in busy clinical settings [16]. Future software
developments will shorten this process. CMRI also requires
dedicated acquisition sequences, and time-consuming image
post-processing, although report generation can be automated,
in settings where this is available [2].
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Studies conducted using different echo machine brands are
not directly comparable, and there is a high intervendor vari-
ability in published norms (Table 2b). Analytic software for
raw image analysis is vendor specific [14]. Some discordant
results are from differences in image post-processing algo-
rithms, including extent of the myocardial wall included [35].
Tracking can be at the endocardial, mid-muscular, or epicar-
dial border or the full thickness mid-myocardial wall [11, 14].
This disparity has decreased considerably after development
of the EACVI consensus [36]. Algorithms can also differ in
CMRI analysis, so the specific software used for analysis
should be reported in each case [37]. Standardisation, and
use of CMRI feature tracking, should also be used.

Serial measurements on individuals, and in research stud-
ies, should always be done with the same vendor machine
and software, ideally by the same operator [11]. Despite
these challenges, GLS has proven to be more reliable
and precise than EF in LV function follow-up by multiple
observers [26]. Superior temporal and spatial resolution in
3D speckle tracking could circumvent some 2D imaging
limitations (Table 1) [12].

Summary

The most appropriate technique to measure cardiac param-
eters depends on the clinical situation. Modalities which are
reproducible, radiation-free, and provide additional clinical
information are preferable [38]. GLS is robust for routine
clinical application with higher reproducibility than LVEF. It
can better define prognosis, particularly when LVEF is normal
or almost normal, and thus more appropriately guide manage-
ment of cardiac disease. It is valuable in assessment of all
cardiac patients [16]. Detection of subclinical strain abnor-
malities can lead to treatment before cardiovascular symptoms
develop and prevention of irreversible myocardial damage.

Like all techniques, strain has drawbacks. However, the
advantages are evident. Within-patient change may be more
valuable than population-based absolute cut-off values. Given
the growing recognition of the importance of strain imaging,
echo or CMRI should be favoured over MUGA scans [27].
Through increased precision, without additional burden, strain
has a clear and vital role in clinical practice and should be
routinely incorporated into standard practice [26].
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