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Abstract
Purpose of Review  Heart failure results in the high incidence and mortality all over the world. Mechanical properties of 
myocardium are critical determinants of cardiac function, with regional variations in myocardial contractility demonstrated 
within infarcted ventricles. Quantitative assessment of cardiac contractile function is therefore critical to identify myocardial 
infarction for the early diagnosis and therapeutic intervention.
Recent Findings  Current advancement of cardiac functional assessments is in pace with the development of imaging tech-
niques. The methods tailored to advanced imaging have been widely used in cardiac magnetic resonance, echocardiography, 
and optical microscopy. In this review, we introduce fundamental concepts and applications of representative methods for 
each imaging modality used in both fundamental research and clinical investigations. All these methods have been designed 
or developed to quantify time-dependent 2-dimensional (2D) or 3D cardiac mechanics, holding great potential to unravel 
global or regional myocardial deformation and contractile function from end-systole to end-diastole.
Summary  Computational methods to assess cardiac contractile function provide a quantitative insight into the analysis of 
myocardial mechanics during cardiac development, injury, and remodeling.
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Introduction

Heart failure leads to alarmingly high levels of morbidity 
and mortality worldwide and is considered the global health 
priority [1–3]. Over 26 million patients suffer from heart 

failure worldwide [4, 5], with an addition of nearly 550,000 
cases per year in the USA [5, 6]. Myocardial infarction 
remains the most common cause of heart failure, resulting 
in impaired myocardial structure and contractile dysfunc-
tion [6]. Despite continued efforts to uncover the underlying 
mechanism of cardiac injury, numerous issues in cardiac 
structure and function are yet to be investigated. Myocar-
dial mechanical properties are critical determinants of car-
diac function, playing a vital role in understanding the heart 
formation, development, injury, and remodeling. For this 
reason, improved understanding of myocardial mechanics 
enables to provide a biomechanical blueprint for cardiac 
contractile function and facilitate new strategies for restor-
ing function to the injured heart.

Non-invasive imaging technique is an indispensable tool 
to investigate the 4-dimensional (4D, 3D spatial + 1D tem-
poral) cardiac dynamics over the course of time, allowing us 
to assess in vivo cardiac architecture and contractility with 
regards to myocardial dysfunction. With numerous imaging 
methods implemented, two metrics are widely used to assess 
the cardiac contractile function: ejection fraction as a global 
index, and strain or strain rate as a regional measure [7, 8]. 
Generally, ejection fraction indicates the percentage of blood 
flow leaving from the ventricle with each heartbeat [9, 10•], 
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providing a global value of ventricular volume change. In con-
trast, strain and strain rate mostly focus on time-dependent 
2D local myocardial deformation, advantageous for early 
identification of cardiac dysfunction [10•, 11]. Both ejection 
fraction and strain are dimensionless quantities reflecting the 
contractile change of myocardial deformation, while strain 
rate indicates the rate of this change and represents instantane-
ous force–velocity-length relations that can be used to define 
the local contractile state [12, 13].

Myocardial contraction and relaxation can be decom-
posed into three directions in Euclidean coordinates, that is, 
longitudinal, circumferential, and radial directions, respec-
tively [10•, 14] (Fig. 1). In this context, strain analysis dem-
onstrates base-apex shortening, transmural thickening, and 
circumferential stretching [14]. The ability to analyze myo-
cardial deformation in a specific region of interest (ROI) 
enables us to quantify local cardiac contractility, providing 
an entry point to interrogate the myocardial contraction and 
relaxation in response to functional abnormalities within 
multiple cardiac cycles.

While computed tomography (CT) and positron emission 
tomography (PET) are increasingly important in evaluation 

of cardiac contractility [15, 16], we focus on other widely 
used methods tailored to contractile analysis. In this review, 
we summarize the representative methods along with cardiac 
magnetic resonance (CMR), echocardiography, and optical 
microscopy to assess myocardial contractility for both fun-
damental research and clinical investigations. These methods 
include but not limit to CMR tagging, tissue doppler imag-
ing (TDI), speckle-tracking echocardiography (STE), and 
displacement analysis of myocardial mechanical deforma-
tion (DIAMOND) in light-sheet fluorescence microscopy.

Myocardial Analysis Based on Cardiac Magnetic 
Resonance

Cardiac magnetic resonance (CMR) is one of the primary 
imaging modalities used to assess myocardial deformation 
and displacement in both fundamental research and clinical 
settings. The representative approaches of cardiac analysis 
include spatial modulation of magnetization (SPAMM), 
strain encoded magnetic resonance (SENC), displacement 
encoding with stimulated echoes (DENSE), harmonic phase 
(HARP), and sine-wave modeling (SinMod).

Fig. 1   Schematic diagram of myocardial strain. A Three types of strain 
are defined along longitudinal, circumferential, and radial, respectively. 
B, C Circumferential and radial strains are obtained from short-axis 
sections, whereas longitudinal strain is obtained from long-axis sec-
tions. Cd: circumferential strain in diastole, Cs: circumferential strain 
in systole, Ld: longitudinal strain in diastole, Ls: longitudinal strain in 
systole, Rd: radial strain in diastole, Rs: radial strain in systole. In the 

long-axis plane, the longitudinal deformation corresponds to apex-base 
shortening/lengthening. In the short-axis plane, circumferential strain 
is tangential to the epicardial wall (oriented along the perimeter), and 
radial strain is oriented toward the center of the ventricular cavity. Ven-
tricular sections close to the apex have a counterclockwise systolic rota-
tion, whereas sections close to the base have a clockwise rotation
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Tagging is a method to create non-invasive markers in 
CMR images by implementing a selective radiofrequency 
(RF) pulse sequence to spatially perturb the longitudinal 
magnetization prior to the acquisition [17–19]. The alternat-
ing bright and dark patterns on the image produced by vary-
ing RF pulses are tag lines, and will be deformed when the 
myocardium contracts and relaxes (Fig. 2A) [7, 19]. At the 
beginning of the cardiac cycle, tag lines in images are par-
allel and equispaced. In the frequency domain, correspond-
ing spectral peaks are represented as harmonic frequencies, 
becoming wider following the tissue contraction. Unlike 
invasive methods such as implanted radiopaque markers and 
ultrasound crystals, CMR tagging is non-invasive and highly 
reproducible to quantify the regional myocardial deforma-
tion, allowing us to track myocardial motion in response to 
cardiac dysfunction at high spatial resolution [19–21].

One of representative techniques developed to acquire 
tagged CMR images is spatial modulation of magnetiza-
tion. It was developed to generate sinusoidal tag patterns 
and create a 2D grid of sharp intrinsic myocardial markers 
[22]. However, tagging lines fade toward the end of the 
cardiac cycle, leading to an unrecognizable tagging pat-
tern. For this reason, complementary SPAMM (CSPAMM) 
was developed to persist longer net tagging lines while 
suppressing untagged blood [23].

Another technique to assess cardiac contractility is 
DENSE [9]. It encodes the displacement of the tissue 
into the phase of the magnetization vector. DENSE uses 
stimulated echo acquisition mode pulse sequence to 
extract cardiac motion at high spatial density over seg-
ments of an entire cardiac cycle [24]. A stimulated echo 
with a bipolar gradient is introduced to encode myocar-
dial displacement. The phase of the MR signal is modu-
lated and demodulated using the stimulated echo pulse 
by the gradients being applied between the first two RF 
pulses and the one after the third RF pulse. The displace-
ments occurring during the mixing time, the time dura-
tion between the second and third RF pulses, are recorded 
in the phase of a stimulated echo image, indicating the 

phase of DENSE images is proportional to the myocar-
dial displacement (Table 1) [7, 19]. While the low signal-
to-noise ratio (SNR) of the DENSE method is attributed 
to the 50% signal loss inherent to stimulated echoes, it 
has been improved by a single-averaged DENSE tech-
nique in combination with an uncorrelated noise from 
CSPAMM image during image reconstruction [7, 25]. In 
addition, Cine DENSE imaging sequence that trade SNR 
for temporal resolution is designed to track elements of 
myocardium through time as they move through the car-
diac cycle [26].

Similar to SPAMM and DENSE, SENC is also based on 
applying parallel planes of saturated magnetization that are 
used as virtual markers to track cardiac motion. However, in 
contrast to conventional tagging where the saturated mag-
netization planes are applied perpendicular to the imaging 
plane and thus appear as dark stripes in the imaged slice, 
SENC applies the tagging planes parallel to (and there-
fore lie inside) the imaged slice, similar to pages of a book 
(Fig. 2B). Through-plane motion results in varying stripes 
during the contraction or relaxation, leading to the higher or 
lower tagging frequency. Therefore, SENC has the capabil-
ity to directly encode the regional strain into the acquired 
image without measuring the displacement. Longitudinal 
and circumferential strains are respectively measured from 
short-axis and long-axis images. The integration of DENSE 
and SENC was also developed to obtain a 3D strain map in 
a single layer of the myocardium at the high spatial resolu-
tion [7, 27].

Following the tagged images, motion estimation strat-
egies based on the image intensity, and the k-space were 
developed to track myocardial contraction and relaxation. 
One way to track the deformed tagging is tracing the vary-
ing intensity and brightness by using active contour models  
[28–30], optical flow techniques [31–33], finite element 
modeling [34, 35], and volumetric modeling [36–38] to 
reflect myocardial contraction. The other way is analyzing 
the k-space frequency for the identification and extraction 
of the harmonic spectral peaks, including Harmonic-Phase 

Fig. 2   A Implemented tagging 
lines are orthogonal to the 
imaging slice in conventional 
CMR tagging methods. B In 
contrast, the tag planes gener-
ated in SENC are parallel to 
and inside the imaging slice, to 
record through-plane strain
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(HARP) [39–41] and sinusoidal-modeling (SinMod) analy-
sis [42–44]. We focus on the latter methods for its faster and 
more automatic analysis of myocardial motion [19].

HARP implements SPAMM tags to produce a sequence 
of spectral peaks in the k-space to extract myocardial con-
traction and relaxation [39–41]. Each spectral peak carries a 
specific frequency extracted by phase demodulation methods 
to reflect the cardiac contractile function. The underlying 
principle of HARP is to extract the signal peak at the first 
harmonic frequency, consisting of the tagging information. 
Harmonic magnitude and phase images are then multiplied 
to generate a HARP image in the frequency domain. To ana-
lyze HARP image, we need to consider its two properties. 
One is that the phase relates to the material property, that 
is, the harmonic phase of a specific spot is time invariant. 
Another property is that the slope of the harmonic phase is 
linearly related to the compression and elongation of the 
heart muscle, i.e., myocardial strain. Benefiting from the 
simplicity and performance, HARP is one of the most com-
mon approaches.

The SinMod technique is a frequency-based method to 
extract myocardial motion from the tagged images based on 
sinusoidal approximation. In SinMod, the intensity distribu-
tion is modeled as a summation of sinusoidal wavefronts, 
depicting the motion of the myocardium. The environment 
of each pixel in the image is characterized as a sine wave 
with local frequency and amplitude. Without utilizing phase 
data from surrounding pixels, a displacement estimation 
is provided by the local quotient of the phase difference 
and the mean frequency at each pixel of two consecutive 
images. In addition, an objective criterion is constructed 
for each pixel to reflect the local quality of the sinusoi-
dal model as a descriptor of the available image data [42]. 
Despite the acceptable agreement of the strain and torsion 
patterns by HARP and SinMod, the latter could reduce the 
phase aliasing and sensitivity to noise at the cost of system-
atical overestimation of measurements compared to HARP  
[45].

Evaluating Myocardial Deformation Using 
Echocardiography

While CMR imaging plays an indispensable role in the 
assessment of cardiac contraction and relaxation, the low 
temporal resolution remains a bottleneck in CMR image for-
mation and subsequent analysis. In contrast, echocardiogra-
phy addresses this issue and allows for the rapid acquisition 
of multiple cardiac phases within one cardiac cycle. Among 
them, tissue doppler imaging (TDI) and speckle tracking 
echocardiography (STE) are representative methods. We 
have summarized the development of the aforementioned 
methods in Fig. 3.

TDI is introduced to measure the Doppler effect of 
ultrasound signals reflected from the contracting myocar-
dium. This method allows us to assess cardiac contractility 
during multiple cycles in both fundamental research and 
clinical investigations [46, 47]. The fundamental imaging 
mechanism of TDI determines higher amplitude and lower 
frequency signals generated by myocardial contraction in 
comparison to those from blood blow. In this context, both 
pulsed-wave TDI (PW-TDI) and color-coded TDI (C-TDI) 
are widely used [48].

PW-TDI is based on spectral analysis of the reflected 
ultrasound signals, providing information about the range 
of myocardial velocities encountered at the investigated 
region. It is used to measure peak myocardial velocities and 
is particularly well suited to the measurement of long-axis 
ventricular motion as the longitudinally oriented endocardial  
fibers are most parallel to the ultrasound beam in the apical 
views. PW-TDI offers a high level of temporal resolution 
(3 ~ 4 ms) [49] and can therefore be used to analyze the tem-
poral relationship between myocardium systolic and dias-
tolic velocity waves. However, PW-TDI is limited to imaging 
a single myocardial segment at a time.

Similar to PW-TDI, C-TDI also utilizes intermittent sam-
pling of ultrasound, but it allows the visualization of differ-
ent cardiac segments from a single view. C-TDI calculates 

Table 1   Advantages and disadvantages of CMR tagging methods

SPAMM spatial modulation of magnetization, DENSE displacement encoded with stimulated echoes, SENC strain encoded magnetic resonance. 
Adapted from [19]

CMR tagging Working principle Advantages Disadvantages

SPAMM Use RF-saturation pulses to place stripes or grids 
on the heart to follow its motion during the 
cardiac cycle.

• Low SAR (specific absorption rate)
• Available for clinical applications

• Moderate resolution
• 2-D only
• Tag fading

DENSE Encode tissue displacement into the phase of an 
image.

• Rapid acquisition
• Better myocardium identification

• Low SNR (signal-to-noise ratio)
• Modest clinical experience

SENC Implement magnetization tags parallel to the image 
plane combined with out-of-plane phase- 
encoding gradients.

• High resolution
• Simple processing
• Intuitive view

• Tag fading
• Modest clinical experience
• Radial strain non-measurable
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multipoint color-coded blood flow velocities along a suc-
cession of ultrasonic scan lines inside a 2D sector using 
an autocorrelation algorithm, and generate superimposed 
color-coded blood flow velocity images, similar to color 
flow Doppler [50, 51]. Because C-TDI measures mean val-
ues rather than peak systolic and diastolic velocities, myo-
cardial velocities obtained using C-DTI are generally 20% 
lower in systole and diastole compared to PW-TDI. The 
ability of C-TDI to collect full sector image data of various 
ventricle segments significantly reduces the scanning time 
in comparison with PW-TDI, resulting in the combination 
of high temporal resolution with a high spatial resolution. 
However, C-TDI results highly depends on the image qual-
ity, leading to the poor reproducibility [52, 53].

While TDI enables us to characterize 2D myocardial dis-
placement, strain, and strain rate throughout the cardiac cycle, 

this kind of methods only uncovers the myocardial deforma-
tion along the direction of ultrasound waves (Fig. 4A). Thus, 
the angle dependency limits its application of 3D contractile 
analysis [54]. In addition, due to Doppler effect, TDI is highly 
susceptible to noise arising from the blood pool, aliasing, and 
reverberation [55].

To address the issue of Doppler effect in TDI, STE is 
developed to offer an alternative approach to measure myo-
cardial strain and strain rate. STE is a quantitative echo-
cardiography used for evaluating myocardial deformation 
through analysis of the motion of speckles [56, 57]. In an 
ultrasonic 2D image, speckles are generated at random due 
to reflections, refraction, and scattering of ultrasound beams 
with myocardial fibers [54]. Speckle tracking provides non-
Doppler, angle-independent, and objective quantification 
of myocardial deformation and ventricular systolic and 

Fig. 3   The advent of methods 
for cardiac magnetic resonance 
and echocardiography. Adapted 
from references: [19, 42, 47, 
111, 112]

Fig. 4   A Auto-correlation-based 
tissue Doppler imaging (TDI). 
B Cross-correlation based 2D 
speckle tracking (STE). Vt: 
Velocity toward the transducer. 
Va: velocity away from the 
transducer. VL: Longitudinal 
velocity along the myocardial 
contraction. VT: Transverse 
velocity perpendicular to myo-
cardial contraction
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diastolic dynamics. The idea of STE is to track the displace-
ment of the speckles during the cardiac cycle, and therefore 
the regional myocardial deformation can be assessed using 
strain and the strain rate. Different from TDI, STE is angle 
independent of the ultrasound beam and tracks the displace-
ments in 2D (Fig. 4B) [58].

Several methods such as block matching [59], optical 
flow [60], feature tracking [61], level sets [62], and elastic 
registration [63] are used for assessing the shift of speckles 
in 2D ultrasound images. The two commonly used methods 
for speckle tracking are block matching and optical flow. 
The idea of block matching is to select a region in one frame, 
matching it with the patterns in adjacent positions in the sub-
sequent frames based on similarity comparison. In contrast, 
the assumption of optical flow is that the gray value varia-
tion in a particular pixel can only be attributed to location 
movement, thus it tracks the frame-by-frame displacement of 
the spots with a specific grayscale. For this reason, regional 
myocardial motion can be extracted from the geometric dis-
placement of speckles [58], and the velocity is calculated 
from the displacement of each speckle divided by the time 
between successive frames. Similarly, strain and strain rate 
can be determined by the relative shift of speckles at a given 
time range in the ROI.

Optical Imaging and Analyzation of Cardiac 
Functions

While CMR and echocardiography are established to extract 
anatomical architecture and cardiac contractile function, 
parallel advances in optical imaging along with compu-
tational methods lead to better spatiotemporal resolution, 
higher image contrast, and specific fluorescence labeling  
in fundamental research. The usage of optical imaging 
methods on animal models provides an entry point to inves-
tigate cardiac structure and contractility at molecular and 
cellular scales, enabling to unravel the underlying mecha-
nism of cardiac development, injury, and regeneration [64]. 

Besides non-invasive visualization and analysis, researchers 
also used the pulsed laser illumination on graphene-treated 
zebrafish to manipulate the heart contraction and assess the 
output [65, 66].

Light-sheet microscopy (LSM) [67, 68], and light-field 
microscopy (LFM) [69] are emerging methods to capture 4D 
biomechanical and biophysical dynamics. The basic princi-
ple of LSM is to decouple the laser illumination and fluo-
rescence detection, generating orthogonal illumination and 
detection to enable optical sectioning in a sample (Fig. 5A). 
The laser is reshaped as a virtual blade to excite the sam-
ple placed at the intersection of the illumination and the 
detection axes, and the emitted fluorescence is collected by 
the detection optics and array sensors. LSM provides high 
spatial and temporal resolution, high SNR and minimal pho-
tobleaching, otherwise challenging with the existing micro-
scopes. In the meanwhile, LFM has become the technique 
of choice for instantaneous volumetric imaging [70–73, 
74•]. It permits the acquisition of transient 3D signals via 
postprocessing of the light-field information recorded by 
single 2D camera snapshots. Due to the high spatiotemporal 
resolution, these new methods advanced our knowledge of 
regional variations in myocardial contractility, allowing us 
to investigate the heterogeneity of injury response across the 
entire heart [75, 76].

The custom-built light-sheet microscope is able to capture 
the 4D contraction and relaxation within multiple cardiac 
cycles in the zebrafish embryo from 3 days post fertiliza-
tion (dpf) to 7 dpf, providing the basis to interrogate the 4D 
local myocardial displacement and strain. The first method 
tailored to light-sheet microscopy is displacement analy-
sis of myocardial mechanical deformation (DIAMOND) 
[77•]. This semi-automated method allows us to track the 
regional myocardial displacement from end-systole to end-
diastole, and further to assess the regional susceptibility in 
response to chemotherapy-induced injury. Different from 
ejection fraction and strain analysis, DIAMOND is able to 
track the 3D trajectory of mass centroid of each segment of 

Fig. 5   A Fundamental concept 
of the light-sheet imaging strat-
egy. B Displacement analysis 
of focal myocardial mechanical 
deformation (DIAMOND) in 
zebrafish embryos. (Adapted 
with permission from: Chen 
et al. [77•])
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myocardium throughout the whole cardiac cycle and quan-
tify the local displacement of each segment. The ventricle 
along the short axis is divided into 8 equal segments con-
stituted by even angles according to the intersection of a 
virtual division line (spanning from the atrium to the ven-
tricle with the center of the endocardial ventricular cavity 
(Fig. 5B). The most basal segments (VII and VIII) were 
removed from further analyses, given they are immediately 
adjacent to the atrioventricular valve and thus contain less 
myocardium compared with the other segments (I–VI) and 
thereby constitute incomplete myocardial segmental terri-
tories. DIAMOND allows us to correlate the focal cardiac 
mechanics with the local contractility in a live organism, 
establishing a framework to characterize the contribution of 
specific pluripotent cells to chemotherapy-induced cardiac 
injury and regeneration.

Recently, an integrated system including both LSM and 
LFM has been reported to investigate myocardial contraction 
and intracardiac blood flow [76]. Along with the contract-
ing myocardium, time-dependent blood flow is also concur-
rently traced. This method further enhances the resolution 
of displacement tracing to single voxel level in compari-
son to the mass centroid in DIAMOND, providing higher 
spatial and temporal resolution to assess the structure and 
contractile function in a contracting heart [77•]. These two 
customized methods, derived from deformable image reg-
istration [78–80], shed the light on the assessment of myo-
cardial function by tracking the displacement of individual 
cardiomyocytes. The advancement of these methods further 
provides the possibility to investigate excitation–contraction 
coupling across the whole heart at the single cell level, fol-
lowing the integration of optical mapping methods [81]. In 
this case, calcium transients and mechanical contraction are 
able to be concurrently captured and analyzed with high 
spatiotemporal resolution.

In addition, optical coherence tomography (OCT) 
[82–84] and photoacoustic tomography (PAT) [85] have 
been reported to study cardiac morphogenesis and myocar-
dial infarction. In comparison to other optical methods, both  
OCT and PAT are able to noninvasively image deep inside 
the heart over millimeters at the microscale resolution [86, 
87], and therefore they have been used in mouse models for 
the in vivo study of cardiac structure and function. OCT is 
an imaging modality that uses near-infrared light and low-
coherence interferometry, ideal for observing fine cardiac 
structures. Along with the structural imaging, Doppler OCT  
is developed to study the localized cardiac dynamics in the 
mouse tubular embryonic heart. It helps to understand the 
relation between the volumetric blood flow and the local 
pressure gradient produced by heart wall movements in 
terms of flow resistance within the beating heart. PAT is 
an emerging method combining photon absorption and 
ultrasonic detection to maximize the imaging depth (~ 7 cm 

in vivo) [88]. This technique has advanced the visualiza-
tion of cardiac structure at both microscopic and macro-
scopic levels. For example, a hemispherical PAT system 
was reported to non-invasively characterize the myocar-
dial infarction [85]. Hemispherical PAT was featured as 
is capable of organ imaging and lesion region differentia-
tion, enabling non-invasive diagnosis of MI and long-term 
monitoring. In addition to high image contrast, fine spatial 
resolution, and adequate tissue penetration, PAT is also able 
to reflect functional and metabolic changes stemming from 
hemodynamic information.

Although the specialized quantitative analysis of myo-
cardial mechanics tailored to OCT or PAT remains to be  
defined, several tools such as PyJAMAS [89] and 3DeeCell-
Tracker [90] have been reported for the motion tracking tai-
lor to optical methods. PyJAMAS is an open-source Python 
application that combines classical segmentation methods 
with machine learning techniques to analyze biological 
images. It is available through a cross-platform graphical  
user interface or an application programming interface  
(API). By using the watershed region growing algorithm  
[91, 92] combined with particle image velocimetry, PyJA-
MAS can perform automatic cell segmentation and track-
ing in time or space. On the other hand, 3DeeCellTracker 
is developed to segment and track cells and extract their 
dynamic positions/activities for 4D datasets. Using deep 
learning techniques such as 3D U-Net and feedforward net-
work, 3DeeCellTracker allows us to analyze various types  
of images captured by optical microscope systems. Specifi-
cally, it has been successfully used to track cardiomyocytes 
in the naturally beating heart of zebrafish embryo under the 
LSM [90], demonstrating the great potential for the compu-
tational analysis of cardiac contractile function.

Conclusion

Myocardial mechanical properties and regional variations 
in myocardial contractility are critical indicators of cardiac 
function [93, 94]. Accordingly, we reviewed the repre-
sentative methods based on different non-invasive imaging 
modalities to assess myocardial deformation, contraction, 
and relaxation. From bench to bedside, CMR, echocardi-
ography, and optical imaging methods equipped with the 
specific RF sequence or post-processing computation have 
been developed to assess cardiac dysfunction, facilitating 
diagnosis and fundamental research. We have summarized 
the advantages and disadvantages of numerous methods 
from the imaging and post-processing perspectives, pro-
viding a new insight into the computational analysis of 
cardiac contractile function.

CMR-based methods and echocardiography are cur-
rently widely used for clinical investigations of myocardial 
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deformation due to their great penetration depth. Recent 
developments are notable for their use in cardio-oncology, 
which seeks to provide pre-treatment risk stratification, 
surveillance, diagnosis, and assessment of cardiotoxic-
ity during chemotherapy and radiotherapy, especially in 
patients undergoing anthracyclines and/or human epider-
mal growth factor receptor 2-targeted treatment [95, 96]. 
While left ventricular ejection fraction is still the most 
widespread biomarker used for surveillance, myocardial 
strain has been considered a more sensitive imaging bio-
marker to enable earlier diagnosis and treatment [97]. 
Global longitudinal strain through STE has been sug-
gested by several guidelines for inclusion into echocar-
diographic surveillance for cancer therapy–related cardiac 
dysfunction (CTRCD) [97–99]. As the gold standard for 
evaluating cardiac function, CMR is also considered as a 
complementary tool to echocardiography for early predic-
tion of CTRCD in clinical investigations [100, 101]. The 
implementation of these methods has already allowed for 
the in-depth analysis of anticancer therapy-induced car-
diomyopathy in patients.

However, the absence of fluorescence labeling and lower 
spatial resolution in contrast to optical methods prevent 
the applications of CMR in fundamental research. Animal 
models such as zebrafish or mice with genetically tracta-
ble fluorescence provide in vivo evaluation of therapeutic 
effectiveness and cardiac function after the treatment for the 
investigation of CTRCD [102–106]. Therefore, the emerging 
LSM and LFM coupled with the computational ability to 
characterize high-resolution fluorescence-labeled 4D images 
are emerging for current analysis of cardiac contractile func-
tion in research laboratories [107]. However, the shallow 
penetration depth constrains them in only transparent organ-
isms such as zebrafish embryos. Relatively, OCT and PAT 
provide better penetration for the live imaging of mouse 
heart. The outstanding temporal resolution of ultrasound 
and optical imaging techniques also makes them favorable 
in cardiac contractility analysis which requires fast image 
acquisition.

Also, computational methods assessing the cardiac 
contractile function are integrating with machine learning 
and deep learning to track myocardial cells in 4D or time-
dependent 2D images, providing more possibilities for car-
diac image analysis. Such methods also have the potential 
to be integrated into the widespread virtual reality (VR) or 
augmented reality (AR) platforms for interactively study 
of cardiac mechanics [75, 108–110]. Thus, it is commend-
able to take advantage of different imaging methods with 
computational tools for a comprehensive analysis of cardiac 
functions.

Overall, we believe the study of global and regional car-
diac contractile function will significantly benefit from the 
advancement of imaging and computational analysis, as the 

transformative integration of imaging and computation holds 
the great potential to unravel the contribution of mechanical 
properties to cardiac development and regeneration.
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