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Abstract

This study aims to assess the usefulness of strain-encoded magnetic resonance (SENC) for the quantification of myocardial
deformation (‘strain’) in healthy volunteers and for the diagnostic workup of patients with different cardiovascular pathol-
ogies. SENC was initially described in the year 2001. Since then, the SENC sequence has undergone several technical devel-
opments, aiming at the detection of strain during single-heartbeat acquisitions (fast-SENC). Experimental and clinical studies
that used SENC and fast-SENC or compared SENC with conventional cine or tagged magnetic resonance in phantoms, ani-
mals, healthy volunteers, or patients were systematically searched for in PubMed. Using ‘strain-encoded magnetic resonance
and SENC’ as keywords, three phantom and three animal studies were identified, along with 27 further clinical studies, in-
volving 185 healthy subjects and 904 patients. SENC (i) enabled reproducible assessment of myocardial deformation in vitro,
in animals and in healthy volunteers, (ii) showed high reproducibility and substantially lower time spent compared with
conventional tagging, (iii) exhibited incremental value to standard cine imaging for the detection of inducible ischaemia
and for the risk stratification of patients with ischaemic heart disease, and (iv) enabled the diagnostic classification of
patients with transplant vasculopathy, cardiomyopathies, pulmonary hypertension, and diabetic heart disease. SENC has
the potential to detect a wide range of myocardial diseases early, accurately, and without the need of contrast agent injec-
tion, possibly enabling the initiation of specific cardiac therapies during earlier disease stages. Its one-heartbeat acquisition
mode during free breathing results in shorter cardiovascular magnetic resonance protocols, making its implementation in the
clinical realm promising.
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Introduction

Changes of the myocardium in shape and dimensions during
the cardiac cycle can be characterized by the assessment of
myocardial ‘strain’, which is a measure of deformation, i.e.
regional shortening, thickening, and lengthening of the myo-
cardium. The term strain originates from the field of physics,
where it used to describe the deformation of a small cube
during a very short time interval along the three dimensions

in space. For the heart, an internal coordinate system aligned
with the three cardiac axes is used: longitudinal, circumferen-
tial, and radial, to measure myocardial strain (i.e. shortening
and elongation) in these three predefined directions through-
out the cardiac cycle.

Strain-encoded magnetic resonance (MR) (SENC) is an
advanced tagging technique, which provides both colour-
coded visual and quantitative assessment of myocardial
strain. SENC is an evolution of the myocardial tagging pulse
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sequence.1,2 It differs in that the tags are applied as a se-
ries of planes in the through-plane direction rather than
as a series of lines in the in-plane direction. As the myocar-
dium contracts, the planes in the through-plane direction
compress together. This causes a shift in the location of
the peak spectrum in k space. The rate of this shift can
be used to determine myocardial strain. Image reconstruc-
tion is then tuned to the high or the low frequency peak
to create an image that represents systolic or diastolic
strain, respectively, as demonstrated in Supporting Informa-
tion, Figure S1. SENC was introduced by Osman et al.1 and
was subsequently modified by Pan et al., who implemented
reduced field of view using selective excitation, spiral data
acquisition, and interleaved low and high tuning with the
original SENC sequence, allowing the assessment of myo-
cardial strain during real-time acquisitions.3 This single-
heartbeat imaging sequence was called ‘fast-SENC’. Typical
parameters on the spatial and temporal resolution of the
SENC and the fast-SENC sequence and a comparison with
standard cine, tagged MR, and late gadolinium enhance-
ment (LGE) sequences are provided in Supporting Informa-
tion, Table S1.

Myocardial strain using SENC can be assessed using the
software provided by Myocardial Solutions Inc., Morrisville,
NC, USA, which is commercially available. The software au-
tomatically delineates the myocardium, providing colour-
coded illustration of contracting myocardial tissue through-
out the cardiac cycle. The observer can interact by
adjusting the delineation of the myocardium. In addition,
the observer can manually set a region of interest to quan-
tify myocardial strain in a specific region of the myocar-
dium. Increased heart rate and motion artefacts need to
be considered during image acquisition with the SENC
sequence, which is currently available as a product with
Philips scanners and as a patch with other vendors. Be-
cause the typical temporal resolution is lower with real-
time acquisitions (see Supporting Information, Table S1),
this may pose a limitation with strain assessment during
dobutamine stress, which can be better assessed using
the conventional SENC sequence. In addition, exact align-
ment of the imaging planes is necessary if a comparison
is intended with cine or tagging acquisitions. In this regard,
movement of the patient between the different acquisi-
tions may hamper comparison of the acquired data. Motion
and breathing artefacts are of course a problem with all
cardiovascular magnetic resonance (CMR) sequences, in-
cluding cine, tagging, and SENC. With fast-SENC, such mo-
tion and breathing artefacts are less pronounce due to
fast acquisition, which can be performed during free
breathing.

In this article, we give an overview of studies where SENC
and fast-SENC were used to quantify deformation in vitro, in
animal models and in humans. Such clinical applications with
SENC and fast-SENC may contribute to earlier diagnosis of

coronary artery and myocardial diseases, enabling initiation
of treatment in earlier disease stages with the potential to
improve long-term outcomes.

The summary of such clinical applications will motivate the
reader to consider future applications of SENC in the field of
cardiovascular medicine.

Assessment of deformation in vitro

In vitro studies previously demonstrated that SENC can be
used to obtain mechanical tissue properties.4–6 In these
in vitro experiments, tissue phantoms with different density
and stiffness and ex vivo human tumour specimens were sys-
tematically examined. In contrast to conventional MR tech-
niques such as T1-weighted imaging,5 which were only able
to distinguish stiffer tumours from normal tissue, SENC en-
abled precise measures of strain, which was inversely related
to tumour stiffness.4–6 Thus, with soft masses, SENC exhib-
ited strain values of between 35% and 50%, whereas with
harder masses, strain values were between 0% and 20%. In
this way, SENC enabled light to be shed on mechanical tissue
properties by estimating strain in breast tumours, which
allowed the detection of both stiffer and softer tumour le-
sions compared with their background tissue. Due to the high
spatial resolution of the SENC sequence in this study (in-plane
resolution of 1 × 1 mm2), detailed delineation of the tumours
was possible with high image quality.4

The ability of SENC to delineate non-uniform compression
of an in vitro gel phantom can be appreciated in Figure 1.
Using SENC image details (blue arrows in A and in C) can be
precisely detected during non-flat compression of the gel
phantom. Such image details are completely missed by con-
ventional cine balanced steady-state free precession
sequences.

Myocardial strain in animals studies

Several experimental studies have investigated the ability of
strain quantification to serially assess myocardial function in
animal models. Controlled conditions during animal experi-
ments give the opportunity to judge the effectiveness of sur-
gical and pharmacological interventions in models of various
cardiac diseases and to correlate functional measurements
to histopathologic studies.7

Using SENC, Ibrahim et al. measured regional myocardial
strain using SENC in five pigs, including two that underwent
a closed-chest procedure to induce myocardial infarction.8

In this study, non-contracting myocardial regions due to in-
farction exhibited good agreement with corresponding in-
farcted myocardial tissue by LGE imaging. In addition, the
ability of SENC to detect changes in regional contraction
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was recently demonstrated in an experimental porcine
model.9,10 Thus, in myocardial areas where an extracellular
matrix patch derived from porcine small intestine submucosa
was implanted, regional myocardial contraction increased
due to generation of functional myocardial tissue in these
areas, and this could be depicted by SENC. These approaches
are promising for the assessment of functional properties of
the myocardium before and after the implantation of
tissue-engineering devices for the treatment of advanced
heart failure.

In Figure 2, the midventricular short axis view of a porcine
heart in the setting of experimental myocardial infarction af-
ter closure of its circumflex coronary artery can be appreci-
ated with cine imaging in A and B, LGE in C, and
conventional SENC imaging in D and E, including quantitative
analysis in F. SENC demonstrates deteriorated regional strain
in the lateral left ventricular (LV) wall, which corresponds to
areas of infarcted myocardium shown by LGE.

SENC in the healthy human heart at
baseline and during inotropic
stimulation

Almost two decades ago, tagged MR studies conducted in
healthy subjects demonstrated that myocardial strain is
non-uniform within the human heart, varying between differ-
ent regions of the myocardium. Possible explanations for this
functional heterogeneity are morphologic differences in LV
architecture, which are attributed to variable transmural fibre
orientation at a microscopic level.11

Garot et al. used SENC to assess myocardial strain in five
healthy volunteers.12 Strain values obtained by SENC were

strongly related to those obtained by tagged MR. Impor-
tantly, the time spent for complete analysis was ~6–8 h for
3D tagged MR, which was substantially higher than the
~35 s required for segmentation of the LV and calculation
of myocardial strain with SENC. Ibrahim et al. also used SENC
to measure circumferential and longitudinal strain in 10
healthy volunteers. In this study, a real-time SENC imaging
pulse sequence was used, which considers through-plane mo-
tion of the heart. This pulse sequence was tested in an exper-
imental model of myocardial infarction in pigs in the same
study, and the resultant SENC images were compared with
LGE, showing good agreement for the identification of in-
farcted myocardium.8 The utility of the real-time imaging
SENC technique to assess regional myocardial strain was then
applied in 12 volunteers, using tagged MR as the standard
reference technique.13 Experimental validation of myocardial
tagging has been previously performed using
sonomicrometry, which was performed in dogs after implan-
tation of CMR visible sonomicrometers into the myocar-
dium.14 Peak systolic strain (maximal strain during systole)
and early diastolic strain rate values (diastolic strain rate dur-
ing the early diastole) acquired by SENC were closely related
to tagged MR. Furthermore, SENC showed high sensitivity for
the detection of differences between subendocardial and epi-
cardial regions for systolic and for diastolic function. Breath-
hold time was much shorter with SENC than with conven-
tional tagging, whereas quantitative analysis was less time
consuming.13

SENC was also used for the evaluation of circumferential
and longitudinal strain in 75 healthy volunteers (35 women
and 40 men, mean age 44 ± 12 years, range between 22
and 69 years) by a clinical 1.5 T system.15 All subjects
underwent extensive clinical and biochemical tests, includ-
ing glucose tolerance, liver enzymes, differential blood

Figure 1 A gel phantom, which is non-flat compressed during our in vitro experiment is shown in A. SENC can precisely delineate non-uniform com-
pression of the phantom, which enables detection of image details (blue arrows in A and in C). Image details are completely missed by the conventional
cine fiesta sequence (B). Quantification analysis of three points over the time of non-flat compression is shown in D.
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count, renal function, cardiac troponins, and NT-proBNP be-
fore inclusion in the study. Dobutamine stress MR was con-
ducted in all subjects. The study showed that peak systolic
strain values exhibited close correlation and close limits of
agreement with tagged MR. Regional heterogeneity was ob-
served for longitudinal strain values by SENC, with

myocardial strain values varying in different regions of the
myocardium. The evaluation of the diastolic LV function
was also feasible with SENC, which, in line with previous
studies, demonstrated markedly diminished circumferential
diastolic strain rate in older patients vs. younger subjects
(75.9 ± 24 ECC/s vs. 122.3 ± 36 ECC/s, P < 0.001), possibly

Figure 2 The midventricular short axis view of a porcine heart with akinesia of the lateral left ventricular wall after infarction due to closure of its
circumflex coronary artery can be appreciated with cine images in A and B. With conventional SENC images, red colour corresponds to normal
contracting myocardium in the septal wall, faded orange and yellowish colour corresponds to reduced strain in peri-infarct areas, and white colour
corresponds to severely reduced or absent myocardial contraction in the infarcted lateral wall. Late gadolinium enhancement (in C) exhibits 75%
transmural infarction of the lateral wall, which corresponds to severely reduced strain, coded white in the lateral wall (blue arrow) compared with
normal strain, coded red in the septal wall (red arrow), with the systolic SENC image in E. Quantification analysis in F reveals severely reduced systolic
strain in the lateral wall segments (blue arrow in F) compared with normal strain in septal wall segments (red arrow in F).
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due to increasing myocardial fibrosis and stiffness in older
subjects.15 Inter-observer variability was excellent for SENC
and superior to that provided by tagged MR by z-statistics
(r = 0.87 for SENC vs. r = 0.81 for tagged MR;
P < 0.05).15 The strain values measured in this study are
similar to those measured by earlier implementations of
the SENC sequence in previous studies.8,13 Generally, SENC
may be superior for the assessment of diastolic function as,
in contrast to conventional tagging, SENC does not suffer
from loss of contrast-to-noise ratio of the MR tags during
the diastole. From a clinical point of view, this appears very
important, because diastolic dysfunction is increasingly be-
ing appreciated as a major cause of heart failure.16

In another study, Hamdan et al. demonstrated the ability
of SENC to assess regional LV function and timing of contrac-
tion in a clinical 3 T scanner.17 In this study, inter-study repro-
ducibility was tested, exhibiting very high interclass
correlation coefficients of 0.96 to 0.98 for circumferential
and longitudinal strain, respectively. It should be noted that
SENC provides higher temporal resolution of 14–25ms, which
allows evaluation of the time sequence of myocardial defor-
mation with higher accuracy compared with conventional
tagging, which has a typical temporal resolution of ~30–
40 ms.

Youssef et al. studied systolic circumferential strain of the
right ventricle in 21 healthy subjects who underwent 3.0 T
cardiac MR. SENC depicted increasing circumferential strain
from the base to the apex of the right ventricular (RV) free
wall and demonstrated excellent inter-observer and intra-
observer variabilities, as indicated by the interclass correla-
tion coefficients of r = 0.82/0.81, 0.80/0.79, and 0.94/0.81
for the basal, mid, and apical RV regions, respectively.18 In ad-
dition, longitudinal and circumferential strain of the right ven-
tricle was assessed in another 11 healthy subjects using
single-heartbeat fast-SENC.19 In this study, a high correlation
was observed between conventional SENC and single-
heartbeat fast-SENC acquisitions, whereas the previously re-
ported heterogeneous pattern of RV circumferential shorten-
ing was confirmed, exhibiting higher absolute values in basal
and lower absolute values in midventricular and apical RV
regions.

The ability of SENC to evaluate myocardial strain of the
left ventricle in healthy subjects during inotropic stimulation
with dobutamine was demonstrated in two further studies,
involving 17 and 18 healthy subjects, respectively.20,21 In
both studies, quantitative analysis of SENC images was con-
ducted, demonstrating that systolic strain remains constant
during inotropic stimulation. Strain rate (i.e. the rate of
myocardial deformation in time, expressed in 1 s�1), on
the other hand, increased stepwise during lower stages of
inotropic stimulation, reaching ~2-fold values compared
with baseline.

An overview of all studies investigating myocardial strain
using SENC in the normal heart can be found in Table 1.

High accuracy for the detection of
coronary artery disease without the
need for contrast agent administration

The role of CMR is clinically well established for the diagnostic
classification22 and risk stratification23 of patients with ischae-
mic heart disease. Thus, referral for a CMR examination of
~50% of patients within the European cardiovascular
magnetic resonance registry (Euro-CMR) is related to the
diagnostic workup for ischaemic heart disease.24 The
cost-effectiveness of such a ‘non-invasive’ CMR approach
vs. an invasive diagnostic strategy using X-ray angiography
and fractional flow reserve (FFR) measures in patients with
low to intermediate disease prevalence was also recently
demonstrated.25

However, the detection of inducible ischaemia by adeno-
sine or dobutamine CMR is currently based on the visual as-
sessment of perfusion defects or wall motion abnormalities
during stress, which is both subjective and depends on the
experience of the readers. In addition, with wall motion, the
human eye focuses on radial motion of the myocardium in
cine images, which is less sensitive for the detection of myo-
cardial dysfunction, compared with circumferential and longi-
tudinal contraction.26–29

Several clinical studies investigated the ability of SENC for
the detection of myocardial ischaemia during pharmacologic
stress with high-dose dobutamine and atropine stimula-
tion.20,21,30,31 In one of these studies, a head-to-head
comparison was performed between conventional cine,
tagged MR, and SENC, using invasive coronary angiography
as the reference standard (lumen narrowing >50%).31

Analysis was conducted by visual criteria in 65 patients with
suspected or known coronary artery disease (CAD). SENC
contributed to improved sensitivity compared with tagged
MR and cine imaging for CAD detection (sensitivity of 89%
for SENC vs. 81% by tagging and 70% by cine imaging,
P < 0.05 for tagging and P < 0.01 for SENC), whereas
specificity and overall accuracy were similar between the
three techniques (94% for SENC vs. 96% for tagging and
95% cine for specificity and 92% for SENC vs. 91% for
tagging and 87% for cine for accuracy, P = not significant
for all).

In a further step, SENC was compared with cine imaging
for the detection of myocardial ischaemia during dobuta-
mine stress CMR in 101 patients with suspected or known
CAD.30 SENC detected abnormal strain response in eight pa-
tients, who were completely missed by conventional cine
imaging, exhibiting higher sensitivity and overall accuracy
for the detection of CAD [sensitivity of 85% by SENC vs.
70% by cine (P < 0.01) and accuracy of 91% by SENC vs.
87% by cine (P < .05)]. Quantitative analysis was per-
formed in this study by calculating the following ratios on
a segmental basis:
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SReserve ¼ Speak-stress
Sbaseline

& SRReserve ¼ SRpeak-stress
SRbaseline

S indicating strain and SR indicating strain rate

Strain rate reserve was closely related to coronary lumen
narrowing (r2 = 0.56, P < 0.001), and a cut-off value of strain
rate reserve = 1.64 exhibited high accuracy for the detection
of >50% stenosis (area under the curve, 0.96; standard error,
0.01; 95% confidence interval, 0.94 to 0.98; P < 0.001).

In another study, quantitative analysis of SENC images was
used to study myocardial strain and strain rate response during
different stages of inotropic stimulation in healthy volunteers
(n = 18) and in patients with suspected or known CAD (n = 80).
Circumferential myocardial strain remained constant during
stress in non-ischaemic segments (�20 ± 4.2 at baseline vs.
�22 ± 3.5 during intermediate stress vs. �20 ± 3.7 during peak
stress), whereas it decreased stepwise in segments supplied by
obstructed coronary arteries (�19 ± 4.2 at baseline vs.
�16 ± 6.2 during intermediate stress vs. �13 ± 6.4 during peak
stress).21 Strain rate, on the other hand, increased stepwise dur-
ing stress in non-ischaemic myocardial segments (�1.3 ± 0.4

during baseline vs. �2.1 ± 0.7 during intermediate stress vs.
�3.8 ± 1.2 at peak stress), whereas it remained constant in isch-
aemic segments (�1.5 ± 0.4 during baseline vs.�1.7 ± 0.7 during
intermediate stress vs.�1.6 ± 0.9 during peak stress). This differ-
ent circumferential strain and strain rate responses allowed
differentiation between patients with and without obstructive
CAD already during intermediate stages of inotropic stimulation
at 20 μg/kg/min, which can increase patient safety and reduce
time spent with diagnostic imaging procedures. In addition, the
cost-effectiveness of SENC for the detection of CAD compared
with SPECT, providing monetary savings for patients and
resource benefits for hospitals, was recently demonstrated.32

Apart from the diagnostic classification of patients with
CAD, the assessment of prognosis was a central clinical goal
with dynamic SENC studies. Thus, in a relatively large cohort
of patients (n = 320) who underwent high-dose dobutamine
stress CMR, SENC allowed the differentiation of patients with
normal findings and a low rate of cardiac events from those
with abnormal findings and increased rates of subsequent
hard cardiac events (i.e. revascularization procedures).20

Using the Cox proportional hazards models, inducible wall
motion abnormality (WMA) by cine (new or worsening

Table 1 Summary of the studies investigating normal values for SENC in the right and left ventricle of the heart in healthy subjects

First author,
journal, and
year of
publication

Number of
volunteers

Region of
interest

Comparison with
tagged MR

Single-heartbeat
acquisitions

Mean longitudinal
strain values

Mean circumferential
strain values

Garot et al.,
Radiology,
2004

5 Left ventricle Yes No 10.6 ± 0.5b NA

Ibrahim et al.,
JMRI, 2007

10 Left ventricle Yes No 17.8 ± 1.3 21.0 ± 1.2

Korosoglou
et al.,
JMRI, 2008

12 Left ventricle Yes Yes NA 21.7 ± 2.7

Neizel et al.,
JMRI, 2009

75 Left ventricle Yes No 19.5 ± 2.9
to 24.3 ± 3.2a

19.5 ± 3.2
to 23.7 ± 3.1a

Hamdan
et al.,
JMRI, 2009

16 Left ventricle No No 16.4 ± 1.6
to 22.3 ± 1.8a

14.% ± 1.8%
to 22.0 ± 3.0a

Youssef et al.,
JCMR, 2008

21 Right ventricle No No NA 18.7 ± 4.3

Shehata et al.,
MRM, 2010

11 Right ventricle Yes Yes 21.8 ± 2.0 for
the RV basec

21.8 ± 1.9 for
the RV basec

Korosoglou
et al.,
Circulation
CVI, 2009

17 Left ventricled No No NA 21.5 ± 2.2

Korosoglou
et al.,
JACC CVI,
2010

18 Left ventricled No No 19.2 ± 3.4 21.8 ± 3.8

MR, magnetic resonance; NA, not applicable; RV, right ventricular.
Strain values are given as absolute values.
aRegional heterogeneity was observed with different values among different segments. The value for the segments with the lowest and
the highest strain values is provided, respectively.
bLongitudinal SENC values in this study are lower than those measured in all other subsequent studies, which may be attributed to an
older implementation of the SENC pulse sequence at that time point.
cIncreasing values of absolute strain were observed from the base to the apex of the right ventricle.
dStudies performed at baseline and during inotropic stimulation with dobutamine.
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WMA of ≥1 grade during stress) offered incremental informa-
tion for the assessment of hard cardiac events compared with
clinical variables (χ2 = 13.0 for clinical vs. χ2 = 39.3 by adding
inducible WMA, P < 0.001). By adding SENC (strain reduction
of ≥1 grade during stress with colour-coded images), predic-
tion of outcome further significantly improved compared
with cine imaging (χ2 = 50.7, P < 0.001).

Table 2 provides an overview of studies investigating
myocardial strain during pharmacologic stress. In Figure 3, in-
ducible ischaemia of the inferior wall during high-dose dobu-
tamine stress was missed by conventional cine (A and B) and
by tagged MR (C and D) but can be detected by conventional
SENC images (E and F, blue arrow in F) in a patient with sig-
nificant lumen narrowing in the right coronary artery.

Non-inferiority for the detection of
myocardial infarction and viability
compared with late gadolinium
enhancement

In patients with acute myocardial infarction, previous CMR
trials demonstrated that the assessment of infarct size and
transmurality, as well as the presence of microvascular ob-
struction, can predict recovery of systolic function, adverse
remodelling, and clinical outcomes (reviewed in Reinstadler
et al.33). In patients with chronic infarction on the other hand,
the identification of viable myocardium is an important clini-
cal goal, because the revascularization of hibernating myocar-
dium is associated with improvement in LV function and
favourable outcome.34 In this setting, infarct transmurality
by LGE is well established.22 However, with LGE, a grey zone
exists for segments with infract transmurality of between
25% and 75%, as such segments show a variable range for
functional recovery after revascularization of between 10%
and 64%.35–37 In addition, even with clinically well-established
LGE sequences, early image acquisition after contrast agent
administration can lead to substantial overestimation of in-
farct size, especially in non-transmural infarctions, where
LGE can be present in areas of salvaged myocardium.38

Several studies investigated the value of SENC for the as-
sessment of myocardial viability. In this regard, a good

correlation was observed between SENC and tagged MR for
the evaluation of myocardial strain, whereas quantitative
analysis by SENC was substantially less time consuming.12 In-
terestingly, the extent of dysfunctional myocardium by SENC
was greater than the areas of LGE, underscoring the fact that
reduced function is present not only in areas of infarcted
myocardium but also in adjacent tissue, which agrees with
previous observations.39

Two other studies used SENC to examine circumferential
and longitudinal myocardial strain in 50 and 29 patients,
respectively, with chronic infarction and using LGE as the
reference standard technique for the evaluation of myocar-
dial viability.40,41 A cut-off value of �15% for circumferential
strain using SENC was selected by the authors, which aided
the differentiation between non-transmural and transmural
myocardial infarction, providing sensitivity of 100% and
specificity of 86%.40 The ability of SENC to differentiate be-
tween subendocardial and transmural myocardial infarction
was confirmed in another study using single-heartbeat fast-
SENC acquisitions in 19 patients with chronic ischaemic heart
disease.42

In the setting of acute myocardial infarction, SENC was also
used for the differentiation between viable and irreversibly in-
jured myocardial tissue with high accuracy.43 Thus, in 38 pa-
tients with first-time acute myocardial infarction, a cut-off
value of �10% for peak circumferential strain differentiated
non-transmural from transmural infarction with very high sen-
sitivity of 97% and specificity of 94%. Strain analysis by SENC
closely correlated to tagged MR, which was also performed
in this study, demonstrating narrow limits of agreement be-
tween the two techniques. Taking it a step further, the ability
of systolic and diastolic deformation indexes acquired by SENC
was examined for the prediction of functional recovery in 26
patients with reperfused myocardial infarction by Neizel
et al.44 In this study, circumferential strain decreased with
increasing infarct transmurality by LGE (�13 ± 6 with infarct
transmurality 0–25% vs. �11 ± 8 with infarct transmurality
26–50% vs. �8 ± 7 with infarct transmurality 51–75% vs.
�4 ± 6 with infarct transmurality 76–100%). Regional early
diastolic strain rate exhibited higher accuracy than systolic
strain indexes and similar accuracy to that provided by the
reference standard LGE for the prediction of contractile
myocardial recovery at 6 months of follow-up. Thus, the as-
sessment of regional diastolic function may serve as a useful

Table 2 Summary of the studies investigating the ability of SENC for the detection of myocardial ischaemia during stress

First author, journal,
and year of publication

Number of
patients

Visual
analysis

Quantitative
analysis

Comparison
with tagged MR Sensitivity (%) Specificity (%)

Korosoglou et al., JMRI, 2009 65 Yes No Yes 89 94
Korosoglou et al., Circulation CVI, 2009 101 Yes Yes No 85 94
Korosoglou et al., JACC CVI, 2010 80 Yes Yes No 76a 88a

Korosoglou et al., JACC, 2011 320 Yes Yes No 96 88

MR, magnetic resonance.
aSensitivity and specificity during intermediate stages (20 μg/kg/min) of inotropic stimulation.
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parameter for the assessment of myocardial viability after
acute myocardial infarction, especially in patients with contra-
indications to contrast agent administration. It should be

noted, however, that so far only this study demonstrated the
ability of SENC to predict contractile myocardial recovery in
the setting of acute infarction, whereas data are still lacking

Figure 3 Baseline cine, tagged magnetic resonance (MR), and SENC images on the left compared with peak dobutamine stress images on the right
side. Inducible ischaemia of the inferior wall during high-dose dobutamine stress is missed by conventional cine (A and B) and by tagged MR (C and
D) but can be detected by conventional SENC images (E and F, blue arrowhead in F depicting reduced strain response during dobutamine stress in
the inferior left ventricular wall, coded yellowish/white compared with normal strain in the corresponding anterior wall, coded red) in a patient with
a right coronary artery stenosis.
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in the setting of non-reperfused acute infarction and with
chronic infarction.

An overview of the studies investigating the assessment of
myocardial viability with SENC is found in Table 3. Figure 4
shows single-heartbeat fast-SENC images of a 59-year-old pa-
tient with ischaemic cardiomyopathy (ejection fraction of
~30%) due to old anterior wall infarction. Systolic SENC im-
ages show reduced strain in the anterior and septal wall (B
and E), which corresponds to areas of transmurally infarcted
myocardium in C and in F.

Early detection of vasculopathy in
heart transplant recipients

Cardiac allograft vasculopathy (CAV) is a particular type of
atherosclerosis, which progressively causes diffuse and con-
centric thickening of coronary vessels, compromising perfu-
sion in heart transplant recipients and ultimately leading to
congestive heart failure and death.45–47 Currently, routine
coronary angiography is widely used to detect CAV in cardiac
transplant recipients, independently of the presence of clini-
cal symptoms. However, assessment of lumen narrowing on
angiograms can underestimate concentric thickening of the
coronary artery wall and also provides little information on
microvascular integrity of the myocardium,48 thus yielding
low sensitivity for the detection of CAV.

Previous studies demonstrated that CMR can detect early
stages of CAV by the International Society for Heart and Lung
Transplantation criteria, identifying underlying myocardial
perfusion abnormalities49 or myocardial fibrosis by LGE50 in
transplant recipients with preserved LV function. In addition,
the utility of SENC for the quantification of systolic strain and
diastolic strain rate in heart transplant recipients has been
demonstrated.51 In this regard, reduced myocardial perfusion
reserve, measured by dividing the contrast agent upslope

during pharmacologic hyperaemia with adenosine through
the upslope at baseline, was closely related to impaired
diastolic strain rate, aiding the early detection of subclinical
CAV. In addition, reduced diastolic strain rate by SENC was
closely associated with thickened coronary arterioles and
diminished capillary density by histopathology and caused
poorer outcomes in heart transplant recipients, compared
with patients with normal diastolic strain rate.52 Thus, a
normal cardiac CMR in terms of diastolic strain rate by SENC
and myocardial perfusion reserve may obviate the need for
invasive procedures for the next 2–3 years, in the interest
of reduced potential nephrotoxicity and increased patient
safety.

In Figure 5, the images from a heart transplant recipient
with normal coronary arteries by angiography and preserved
ejection fraction of 55% are shown. Using conventional SENC,
reduced systolic strain can be depicted in the basal anterior
wall (blue arrow in B), whereas reduced diastolic strain, indi-
cating impaired diastolic LV function, is demonstrated by
quantitative analysis in three different myocardial regions in
I (mean early diastolic strain rate of ~50 s, normal >80 s).
In agreement with these findings, the patient exhibited thick-
ened coronary arterioles and reduced capillary density (G and
H) by histologic criteria and was diagnosed with CAV.

Detection of global and regional
dysfunction in non-ischaemic
cardiomyopathies and inter-study
variability

Non-ischaemic cardiomyopathies represent a heterogeneous
group of myocardial disorders, which are frequently associ-
ated with inappropriate ventricular hypertrophy or dilatation.
Among this heterogeneous group of diseases, which are

Table 3 Summary of the studies investigating the ability of SENC for the detection of myocardial viability in ischaemic heart disease

First author, journal,
and year of publication

Number of
patients

Quantitative
analysis

Comparison with
tagged MR

Comparison
with LGE

Functional
recovery Sensitivity (%) Specificity (%)

Chronic infarction
Garot et al., Radiology, 2004 9 Yes Yes Yes No NA NA
Koos et al., International
Journal of Cardiology, 2011

50 Yes No Yes No 100 86

Altiok et al., European Heart
Journal CVI, 2013

29 Yes No Yes No 86 51

Oyama-Manabe et al.,
European Radiology, 2011

19 Yes No Yes No 95 47

Acute infarction
Neizel et al., Circulation
CVI, 2009

38 Yes Yes Yes No 97 94

Neizel et al., JACC, 2013 26 Yes No Yes Yes 82a 75a

LGE, late gadolinium enhancement; MR, magnetic resonance; NA, not applicable.
aCut-off value of <31 s for early diastolic strain rate.
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frequently associated with genetic disorders, dilated cardio-
myopathy (DCM) and hypertrophic cardiomyopathy (HCM)
are the most common, accounting for a substantial propor-
tion of cardiac mortality.53

The versatility of CMR can provide diagnostic workup of
patients with DCM, HCM, and cardiac amyloidosis or sarcoid-
osis, enabling the reproducible assessment of LV function,
mass, and fibrosis by LGE, which has been identified as an in-
dependent prognostic marker in such patients.54–56 Using
fast-SENC, differences in both systolic strain and early dia-
stolic strain rates could be identified in patients with ischae-
mic and non-ischaemic cardiomyopathies, compared with
control subjects.13 This finding was confirmed in a very recent
study by Giusca et al.,57 who examined 11 healthy individuals
and 7 patients with heart failure using fast-SENC acquisitions
for the evaluation of global longitudinal strain (GLS) and
global circumferential strain (GCS) and LV ejection fraction.
The CMR scans were repeated after a median of 63 days,
and SENC images were analysed by two experienced ob-
servers. As expected, patients with heart failure exhibited
lower GLS and GCS than healthy individuals. In addition,
test–retest analysis demonstrated excellent intraclass

coefficients for GLS and GCS. GLS and GCS showed overall
narrower limits of agreement for both intra-observer and
inter-observer variability (�0.6 to 0.5 for intra-observer and
�1.3 to 0.96 for inter-observer agreement for GLS and
�1.1 to 1.2 for intra-observer and �1.7 to 1.3 for inter-
observer agreement for GCS) compared with LV ejection frac-
tion, which exhibited larger limits of agreement (�14.4 to
10.1). An overview of studies providing inter-observer and
intra-observer as well as inter-study agreements with visual
and quantitative SENC studies is given in Supporting Informa-
tion, Table S2.

With HCM, on the other hand, longitudinal and circum-
ferential strain was measured using SENC in 22 patients
with HCM and in 24 age-matched control subjects, who
underwent CMR inducing LGE imaging. Hereby, GLS was re-
duced in patients with HCM compared with control sub-
jects. In addition, regional heterogeneity of circumferential
strain was predictive of extensive LGE (≥15% of the LV
mass) in patients with HCM with high sensitivity of 83%
and specificity of 94%, whereas longitudinal strain was less
helpful for the identification of patients with extensive
fibrosis.58

Figure 4 Single-heartbeat fast-SENC images from a 59-year-old patient with ischaemic cardiomyopathy (ejection fraction of ~30%) due to old anterior
wall infarction. Systolic SENC images show severely reduced strain in the anterior and septal wall (coded yellow in B and E), which corresponds to areas
of transmurally infarcted myocardium by late gadolinium enhancement (LGE) imaging in C and F. With conventional single-heartbeat fast-SENC images,
blue colour corresponds to normal contracting myocardium, green colour corresponds to reduced strain, and yellow colour corresponds to severely
reduced or absent myocardial contraction.
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For cardiac sarcoidosis, limited data exist on the usefulness
of echocardiographic derived strain for the detection of myo-
cardial fibrosis by CMR.59 In a recent case report, longitudinal
strain measured by SENC was proposed as a very sensitive
marker compared with circumferential strain and LGE for
the detection of regional myocardial dysfunction and for the
judgment of the effectiveness of immunosuppressive therapy
in a patient with cardiac sarcoidosis.60

An overview of studies investigating the role of SENC in
patients with non-ischaemic cardiomyopathies is provided
in Table 4.

Single-heartbeat fast-SENC acquisitions of a patient with
DCM (A–E) and another patient with HCM (F–I) are provided
in Figure 6. Images of a patient with atrial fibrillation and

DCM are shown in A–E. Despite atrial fibrillation, high image
quality can be achieved, showing reduced strain using fast-
SENC in A and C. Ejection fraction is ~20% with cine images
in B (mid short axis) and D (four-chamber view). The electro-
cardiogram demonstrates atrial fibrillation (E). Images of a
patient with HCM are shown in F–I. Severe LV hypertrophy
with reduced myocardial strain, especially in the LV septum
and in the anterior wall, is revealed by fast-SENC (F and H).
Systolic cine images are provided in G and I.

In addition, in Figure 7, reduced myocardial strain is shown
by single-heartbeat fast-SENC images (A and B, and E and F)
in a patient with cardiac amyloidosis, moderate myocardial
hypertrophy, and impaired ejection fraction of ~38% by cine
images (C and G). Diffuse LGE can be depicted in D and H.

Figure 5 A heart transplant recipient with normal coronary arteries by angiography and normal ejection fraction of 55% by cardiovascular magnetic
resonance. In this patient, conventional SENC acquisitions depicted reduced systolic strain in the basal anterior wall (blue arrow in B, coded yellowish/
white compared with normal strain, e.g. in the inferior wall, coded red), and reduced diastolic strain rates, indicating impaired diastolic left ventricular
function, were demonstrated by quantitative analysis of the strain curves in I. Endomyocardial biopsy showed thickened coronary arterioles and re-
duced capillary density (G and H) by histologic criteria, consistent with transplant microvasculopathy.
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Diabetic heart disease

The prevalence of heart failure is high in patients with diabe-
tes, ranging from 19% to 45%, irrespectively of the presence
of CAD and arterial hypertension.61,62 A high proportion of
such patients with diabetes exhibit diastolic dysfunction with
preserved ejection fraction63–66 before they present with
symptoms of heart failure.67 For this reason, the early diagno-
sis of subtle myocardial dysfunction is crucial in such patients.

The underlying pathophysiologic mechanisms of diabetic
heart disease in the absence of significant coronary athero-
sclerosis are not fully understood. In this regard, it remains

unclear whether diastolic dysfunction is an intrinsic metabolic
myocardial disorder with diabetes or whether it is related to
impaired microvascular integrity or myocardial fibrosis. A pre-
vious study addressed this question using SENC and demon-
strated that impaired diastolic function measured as
diminished diastolic strain rate is associated with increased
triglyceride content in patients with type 2 diabetes
mellitus.68 All 42 patients included in this study had pre-
served ejection fraction of >55% and absence of inducible
myocardial ischaemia by adenosine stress CMR. These find-
ings agree with those of previous studies, showing that im-
paired myocardial relaxation is associated with cardiac

Figure 6 Single-heartbeat fast-SENC acquisitions of a patient with dilated cardiomyopathy (A–E) and another patient with hypertrophic cardiomyop-
athy (F–I). Despite atrial fibrillation, good image quality is provided, depicting globally reduced strain using fast-SENC in A and C (reduced strain coded
green or yellow by fast-SENC acquisitions). Ejection fraction is ~20% with cine images in B and D. The electrocardiogram shows atrial fibrillation (E).
Severe left ventricular hypertrophy, on the other hand, can be appreciated with fast-SENC (F and H) and with systolic cine images (G and I) in another
patient with hypertrophic cardiomyopathy. Reduced strain especially in the septum and in the anterior wall (coded yellow) can be depicted with fast-
SENC acquisitions (blue arrows in F and H).

Table 4 Summary of the studies investigating the ability of SENC to assess myocardial strain in patients with non-ischaemic
cardiomyopathies

First author, journal,
and year of publication Disease

Number of
patients

Healthy
subjects

Quantitative
analysis

Comparison with
tagged MR

Comparison
with LGE

Korosoglou et al., JMRI, 2008 Non-ischaemic cardiomyopathy 4 Yes Yes Yes No
n = 12

Sakamoto et al., Jpn J Radiol.,
2008

Hypertrophic cardiomyopathy 22 Yes Yes No Yes

n = 24
Nakano et al., Can J
Cardiol., 2013

Cardiac sarcoidosis 1 No Yes No Yes

LGE, late gadolinium enhancement; MR, magnetic resonance.
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steatosis,69,70 which represents an early sign of diabetic heart
disease. This is reasonable from a pathophysiologic point of
view, due to direct metabolic effects of diabetes mellitus
and insulin resistance, causing myocardial dysfunction irre-
spective of macrovascular or microvascular disease. This hy-
pothesis is also in agreement with a study conducted in
women with subclinical heart failure and with preserved ejec-
tion fraction (HFpEF), which highlighted an association be-
tween triglyceride content and diastolic strain rate by
tagged MR.71 Along the same line, older subjects with an in-
creased prevalence of cardiovascular risk factors, such as dia-
betes mellitus, exhibited decreased diastolic strain rate by
SENC, which was paralleled by increasing myocardial T1
values, as a surrogate marker of myocardial fibrosis.72

In Figure 8, reduced myocardial strain can be depicted by
single-heartbeat fast-SENC images especially in the anterior
and septal wall (blue arrows in B and F) in a patient with hy-
pertensive and diabetic heart disease and without clinical
signs of heart failure. Four-chamber view and short axis cine
images (C and D, and G and H) show preserved ejection frac-
tion of 58% in the presence of LV hypertrophy.

Myocardial strain of the right ventricle
in healthy subjects and pulmonary
hypertension patients

The right ventricle is a thin-walled cavity, which physiologi-
cally acts as a flow generator accommodating the entire ve-
nous blood return into the heart. Due to the complex

anatomy of the RV, the tomographic nature of CMR makes
it an ideal tool for assessing RV dimensions and function. In-
deed, CMR studies have demonstrated high reproducibility
for the assessment of RV function in healthy volunteers and
in patients with Fallot tetralogy or pulmonary hypertension
(PH).73 Assessing the RV anatomy and function is essential,
as its role is nowadays widely recognized in heart failure, RV
infarction, congenital heart disease, and PH.

Because of the thin wall of the RV, which varies between 2
and 5 mm in healthy subjects,74 the assessment of myocar-
dial strain appears particularly challenging. Despite these
challenges, SENC depicted increasing circumferential strain
from the base to the apex of the RV free wall and demon-
strated excellent inter-observer and intra-observer variabil-
ities in 21 healthy subjects who underwent 3.0 T CMR and
in another 11 volunteers who underwent single-heartbeat
fast-SENC acquisitions.18 Similar results were acquired in 12
healthy subjects examined in a 3.0 T scanner.75 Several subse-
quent studies investigated regional strain of the RV in pa-
tients with PH. Longitudinal and circumferential RV strain
was reduced in patients with PH compared with healthy sub-
jects.19 Taking this one step further, an association between
reduced longitudinal strain at the anterior insertion of the
RV with local fibrosis in the RV insertion points was demon-
strated.76 This suggests that in PH, increased afterload may
progressively cause mechanical stress at the RV septal inser-
tion points, resulting in local fibrosis and reduced regional
longitudinal contraction in the long term. Studying another
37 patients with PH, the midventricular level of the RV was
identified as the most sensitive site for the early detection
of RV dysfunction in such patients.77 In agreement to

Figure 7 Areas of reduced myocardial strain are shown by single-heartbeat fast-SENC images (coded green or yellow in A and B, and E and F) in a
patient with cardiac amyloidosis, moderate myocardial hypertrophy, and impaired ejection fraction of ~38% by cine imaging (C and G). Diffuse late
gadolinium enhancement (LGE) can be depicted in D and H.
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previous data,78 longitudinal strain exhibited higher accuracy
than circumferential strain for the detection of RV dysfunc-
tion.77 A good correlation was also observed between CMR-
derived strain using SENC and 2D derived RV strain using
echocardiographic speckle tracking with CMR-derived RV
ejection fraction in 30 consecutive patients with PH.79 The
correlations between SENC and feature tracking imaging
(FTI), on the other hand, exhibited rather moderate correla-
tions in 30 patients with PH and 15 normal subjects. Interest-
ingly, in contrast to FTI, SENC-derived longitudinal strain was
significantly lower in patients with PH than in healthy sub-
jects,80 indicating the lower accuracy of FTI for the assess-
ment of regional myocardial strain in the RV.

An overview of studies investigating myocardial strain of
the right ventricle by SENC in healthy subjects and in patients
with PH is provided in Table 5.

Early detection of cardiotoxicity

Although previous echocardiographic and CMR studies using
tagged MR and Harmonic phase (HARP) have demonstrated
the ability of strain imaging to detect preclinical myocardial
dysfunction during chemotherapy, studies with SENC are
not available in published form so far. Preliminary data,
however, support the applicability of SENC in this context,
demonstrating high sensitivity for the early detection of
cardiotoxicity.

In Figure 9, single-heartbeat fast-SENC images of a 57-
year-old cardiac asymptomatic patient with B-cell lym-
phoma and without cardiovascular risk factors can be ap-
preciated. Fast-SENC images prior to chemotherapy exhibit
normal myocardial strain in all segments (A and B), and
LV ejection fraction was 58%. After 2 cycles of chemother-
apy, seven segments show mildly reduced myocardial strain
and another two segments show severely reduced myocar-
dial strain (C and D), attributable to cardiac toxicity, al-
though LV ejection fraction remains identical (58%). The
patient suffered from fatigue and dyspnoea of New York
Heart Association class II.

Comparison between SENC and FTI

Feature tracking imaging is a well-established algorithm for
the assessment of myocardial strain. Thus, longitudinal strain
assessed by FTI was recently shown to predict clinical out-
comes in patients after acute myocardial infarction81,82 as well
as in patients with chronic ischaemic and non-ischaemic car-
diomyopathies.83 Limited data exist however, directly com-
paring SENC with FTI. Some recent studies, however, have
pointed to limitations of the FTI algorithm especially for the
assessment of regional function. Thus, in a recent study inves-
tigating the observer variability of FTI and tagged MR, the au-
thors found that observer variability with FTI is substantially
higher compared with tagging and strongly dependent on
the reader’s experience.84 The low reproducibility of FTI for

Figure 8 Reduced myocardial strain can be depicted by single-heartbeat fast-SENC acquisitions especially in the anterior and septal wall (blue arrows in
B and F, severely reduced myocardial strain coded yellow) in a patient with hypertensive and diabetic heart disease. Four chamber view and short axis
cine images (C and D, and G and H) show preserved ejection fraction of 58% in the presence of evident left ventricular hypertrophy.

Strain-encoded magnetic resonance 597

ESC Heart Failure 2019; 6: 584–602
DOI: 10.1002/ehf2.12442



the assessment of segmental strain was confirmed in a very
recent study conducted in 88 healthy adults85 and by
Almutairi et al., who noticed better reproducibility for global
compared with regional strain and referred to the need of val-
idation using physical and numerical phantoms.86 In the same
direction, baseline strain parameters using FTI CMR 1–3 days
after reperfused ST-elevation myocardial infarction were not
able to predict adverse LV remodelling,87 which is not in
agreement with the data reported by Neizel et al. for SENC.44

Future studies are now warranted to prospectively compare
the ability of FTI and SENC for the diagnostic classification
and risk stratification of specific myocardial disorders.

Limitations

Our review article has some limitations. Thus, in contrast to
FTI, SENC needs a specific image sequence to measure myo-
cardial deformation, whereas limited data exist on a head-
to-head comparison between SENC and FTI. In some studies,
discussed in this article, e.g. in patients with non-ischaemic
cardiomyopathy, the number of patients included was rela-
tively small, whereas for ischaemia and viability detection,
most studies were conducted in the same CMR laboratory,
and FFR was not systematically used as the standard refer-
ence for assessing the functional significance of CAD. In

Figure 9 Single-heartbeat fast-SENC acquisitions of a 57-year-old cardiac asymptomatic patient with B-cell lymphoma. Fast-SENC images prior to che-
motherapy (A and B) exhibit normal myocardial strain (coded blue) in all segments and left ventricular ejection fraction of 58%. After 2 cycles of che-
motherapy, seven segments show mildly reduced myocardial strain and another two segments show severely reduced myocardial strain (coded green
and yellow, respectively, in C and D), attributable to cardiac toxicity, although left ventricular ejection fraction remains identical (58%).

Table 5 Summary of the studies investigating the ability of SENC to assess myocardial strain in the right ventricle of normal subjects and
patients with pulmonary hypertension (PH)

First author, journal,
and year of publication

Number of
healthy
subjects

Number of
patients
with PH

Single-heartbeat
acquisition

Comparison
with LGE

Comparison
with 2D echo

Inter-observer
variability

Intra-observer
variability

Youssef et al., JMRI, 2008 21 None No No No r = 0.80 r = 0.88
Handam et al., JMRI, 2008 12 None No No No r = 0.89a NA

r = 0.94b

Shehata et al., MRM, 2010 11 11 Yes No No 0.2% ± 5.3% 0.3% ± 5.4%
Shehata et al., AJR, 2011 None 32 Yes Yes No NA NA
Oyama-Manabe et al.,
Int. J. Cardiovasc.
Imaging, 2013

13 37 Yes No No c c

Freed et al.,
Echocardiography, 2014

None 30 Yes No Yes 10% 13%

Ohyama et al., IJC, 2015 15 30 No No No d d

LGE, late gadolinium enhancement; NA, not applicable.
aFor peak longitudinal strain.
bFor peak circumferential strain.
cLow inter-observer and intra-observer variability is demonstrated by Bland–Altman plots. Correlation coefficients are not provided.
dObserver variability provided only for feature tracking imaging. The discriminatory capacity of SENC was superior to that provided by fea-
ture tracking imaging for the detection of right ventricular dysfunction in patients with PH.
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addition, T1 mapping and modern or more sophisticated LGE
quantification approaches were not used in these previous
studies, whereas SENC was not compared with echocardio-
graphic strain or to FTI in most of these studies. However,
with ischaemic heart disease the ability of SENC was not
shown only for the diagnostic classification, but more impor-
tantly for the prediction of hard cardiac events, such as car-
diac death and non-fatal myocardial infarction in such
patients. Despite the relatively large amount of scientific evi-
dence, especially with ischaemic heart disease, the SENC se-
quence is unfortunately to date not yet widely available in
CMR centres, which limits its applicability in the clinical rou-
tine. In addition, quantification analysis of myocardial strain
by SENC has shown higher accuracy for the detection of
ischaemia compared with wall motion analysis and higher re-
producibility than LV ejection fraction, but such quantification
algorithms may be difficult to implement in busy CMR cen-
tres. With ischaemia detection, however, the interpretation
of colour-coded SENC images during stress can be assessed
by visual criteria, promptly leading to the correct diagnosis
without the need for quantification analysis. In addition,
semiautomatic software developments currently allow the
calculation of GLS and GCS with SENC within a relatively short
time spent.

Conclusions

Although magnetization saturation techniques enabled quan-
tification assessment of myocardial deformation as early as
1988, it took decades until such techniques became applica-
ble with clinical MR scanners. Since 2001, when SENC was de-
scribed in the literature,1 numerous in vitro animal and
human studies have been performed, demonstrating the abil-

ity of SENC to characterize physiologic heart mechanics and
diseases of the heart with high accuracy and reproducibility
and without the need for contrast agent administration. Myo-
cardial strain can be assessed visually and quantitatively by
SENC, enabling characterization of the heterogeneity of myo-
cardial strain in the human and animal heart and precise diag-
nostic classification and risk stratification of patients with
CAD, myocardial infarction, transplant vasculopathy, non-
ischaemic cardiomyopathies, PH, diabetic heart disease, and
potentially cardiac toxicity during chemotherapy in cancer pa-
tients. In addition, SENC can be applied during pharmacologic
CMR stress testing, enabling detection of CAD during inter-
mediate stages of inotropic stimulation, thus shortening the
duration of such diagnostic procedures in the interest of
time, cost, and patient safety. In this regard, single-heartbeat
fast-SENC acquisitions allow the acquisition of myocardial
function in free breathing and therefore provide high-quality
images even in patients with shortness of breath due to, e.g.
heart failure or pulmonary obstruction. Especially in patients
with contraindication to gadolinium contrast agents,88 SENC
represents a valuable alternative for the characterization of
underlying myocardial pathologies.

Supporting information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Figure S1. Supporting information
Table S1. Typical spatial and temporal resolution with cine,
tagged MR, SENC and LGE sequences.
Table S2. Providing inter- and intraobserver and interstudy
agreement with visual and quantitative SENC studies.
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