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[(folk.ntnu.no/stoylen), (Alessandrini et. al, IEEE Trans. Medical Imag. 2015), (Mitchell et al., J Am Soc. Echo., 2019)]

Why perform strain estimation?

Strain imaging provides a detailed analysis of 
regional and global deformation patterns of 
cardiac chambers.

Strain measurements help better differentiate 
between pathologies, leading to better diagnoses 
and earlier treatments.  Strain can also track 
progress during treatment. 

An area where research has led to a powerful and 
easy-to-use clinical tool. ASE Guidelines
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Strain/deformation is the mechanical transformation of a body from a reference 
configuration to a current configuration.
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Eulerian strain is sometimes used:



The heart muscle contracts (systole) and relaxes (diastole) to pump blood through the 
vasculatory systems

Motion occurs through a combination of electrical 
activation and pressure gradients

Pumping causes a deformation of the 
ventricle from systole (left) to diastole (right)

[(Veress et al. J Biomed Eng. 2013), (Wikimedia Foundation)]
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Our analysis here is focused on the left ventricle



For cardiac imaging, the axes of deformation are redefined in terms of the anatomy of 
cardiac structure.

[(Jasaityte & D’hooge Imag. in Med., 2010), (Loncaric et al. Global Cardiology 2018), (folk.ntnu.no/stoylen)]

Shear strains do exist in cardiac deformation, 
but we will focus on the 3 main components
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[(Loncaric et al. Global Cardiology 2018), (Cikes & Solomon, Eur. Heart J, 2016), (Katz et. al, Phys Rep 2014), 
(Alessandrini et. al, IEEE Trans. Medical Imag. 2015), (folk.ntnu.no/stoylen)]
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The composition of the myocardium means the 3 components of cardiac strain are 
closely related.



Visualizing spatial and temporal myocardial strain patterns

Time to Peak

Peak Strain

2D spatial patterns

Temporal patterns

3D spatial patterns
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[(Jasaityte & D’hooge Imag. in Med., 2010), (Loncaric et al. Global Cardiology 2018), (folk.ntnu.no/stoylen)]



Why do we measure this? Strain is directly correlated to measurements of volume.

[Loncaric et al. Global Cardiology, 2018, Wikimedia Foundation]
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Deformation metrics add early diagnostic value compared to other metrics.

Ejection fraction is a good global measure of 
heart health But deformation imaging can provide earlier information to 

allow for better pre-emptive treatment planning.

[Cikes & Solomon, Eur. Heart J, 2016]
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Deformation imaging also provides regional and temporal information, better isolating 
regions of concern. 

Bulls eye plots show the peak deformation in every segment. Strain (rate) curves show deformation (rate)  
across time.

[(Cikes & Solomon, Eur. Heart J, 2016), (folk.ntnu.no/stoylen),  (Loncaric et al. Global Cardiology 
2018) ]
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Strain

Velocity Strain rate
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Strain and strain rate are derived from displacement and velocity
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Strain and strain rate describe relative rather than absolute lengthening and shortening 
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Strain and strain rate can be derived from displacement or velocity measurements.

Strain

Velocity Strain rate

Displacement
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Strain estimation varies by the imaging method and post-processing functions.
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Echocardiography:
Speckle Tracking (2D/3D)
Doppler Tissue Imaging

MRI:
Feature Tracking
Tagging
Harmonic Phase
Strain Encoded

Imaging Post-processing

ROI 
definition

`Tracking

Deformation
Analysis

Timing 
definition

Regularization

Standardization



Displacement measurements in echo: speckle tracking
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[(Blessberger & Binder, Heart , 2010), (folk.ntnu.no/stoylen)]

Speckle tracking:
1. Define kernel !" from speckles in first frame
2. Advance to next frame
3. Find position of !" in the new frame

The change in position describes the deformation.
4. Update the kernel for the new frame (!"#$) and repeat 2-4  

Speckles are patterns of 
interference and reflections created 
by the interactions of sound waves 
hitting the tissue.

For a small enough %& the reflection 
patterns will be constant

The result is a region of interest 
tracked through the cardiac cycle



Speckle tracking can also be applied to 3D echocardiography which eliminates out of 
plane motion and foreshortening. 

[Muraru et al. Cardiovasc Diagn Ther 2018]
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Velocity measurements in echo: tissue Doppler imaging
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[(Blessberger & Binder, Heart , 2010), (folk.ntnu.no/stoylen)]

The Doppler effect: sound waves will change 
in frequency due to the relative difference in 
velocity between an object emitting the 
waves (the heart) and an observer (the probe)

We can use the Doppler effect to record 
velocities for every point in the image

! = # ∗ (&' − &))
2 ∗ &) ∗ cos(/)

Velocities are only measured in the direction 
parallel to the beam (cos(/))

In TDI,  calculated using autocorrelation



Feature tracking can also be applied to cardiac magnetic resonance imaging 
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There are no consistent speckles, the endo/epicardial borders are tracked instead. 

These borders are much easier to see (and track) in CMR. 

[Morais, J of Cardiov Magn Resonance , 2010]



Tagging can be used to add a distinctive pattern to the tissue to allow for easier tracking
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Tagging pulses are added to polarize the 
particles in the myocardium before the 
imaging pulses.

[(Morais et al., J of Cardiov Magn Resonance , 2010), (Shehata et al., J of Cardiov Magn Resonance, 2009)]

Tagging fades over time



Harmonic phase (HARP) imaging is used to directly decode the velocity from a tagged 
image.
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[(Ibrahim, J. Cardio. Mag. Res., 2011), (Osman & Prince, Phys. Med. Biol., 2000), 
(Shehata et al., J. Cardio. Mag. Res., 2009)]

At the later time, the signal reduces in amplitude 
(fading) and increases in frequency (tissue 
compression). The frequency change is reflected 
in the phase

a) Tagged short-axis MR image (!)
b) K-space (frequency space) of tagged image
c) Magnitude image ("#$)
d) Phase image (%#$)
e) Magnitude image * phase image
f) Tissue velocities calculated from change in phase

& ', ) = + p, t ./0(2,3)
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67



Tagging can also be extended to 3D. 
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[(Ibrahim, J. Cardio. Mag. Res., 2011)]

!"

#$Long and short axis images are collected and combined.

Tagging is reverse for each direction of imaging.



Finally, strain-encoded images are acquired by tagging in the through-plane direction
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[(Ibrahim, J. Cardio. Mag. Res., 2011), (Lapinskas, BMC Cadio. Disorders, 2019)]

!"

Setting the demodulation tuning frequency low (LT) or 
high (HT) will correspond to capturing regions of low or 
high motion.
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Method Pros Cons

Ec
ho

Tissue Doppler - High temporal resolution
- Live visualization
- Good regional assessment

- Specialized acquisition
- Angle dependent
- Noisy
- More difficult global assessment

2D Speckle 
Tracking 

- No specialized acquisition
- Better temporal resolution than MRI
- Semi/fully automated tracking
- Fast processing

- Inter-vendor differences
- Dependent on image quality
- Out of plane motion (for all 2D methods)

3D Speckle 
Tracking

- Only single acquisition needed
- No out of plane motion

- Low spatial and temporal resolution
- Limited standardization/clinical impact

M
RI

Feature Tracking - No specialized acquisition - Lower temporal resolution than echo
- Variability in regional measurements
- Inter-vendor differences

Tagging &
Harmonic Phase

- More accurate regional strain 
measurements

- Specialized acquisition
- Heavy post-processing
- Fading tags

Strain Encoded - Good global and regional strain 
measurements

- Low signal-to-noise ratio
- No standardization
- Specialized acquisition

[(Voigt & Cvijic, JACC: Cardiovascular Imag. 1019)]

Advantages and disadvantages of different imaging methods. 



Improvements to imaging methods are slower, most advancements are happening in 
the post-processing. 
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Echocardiography:
Speckle Tracking (2D/3D)
Doppler Tissue Imaging

MRI:
Feature Tracking
Tagging
Harmonic Phase
Strain Encoded

Imaging Post-processing

ROI 
definition

`Tracking

Deformation
Analysis

Timing 
definition

Regularization

Standardization



Deep learning can be used to locate the ROI automatically, accurately, and quickly.
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ROI definition Tracking Analysis

The ROI definition 
significantly affects 
strain calculations

[folk.ntnu.no/stoylen]

Standardization



Deep learning can be used to locate the ROI using segmentation.
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U-Net segmentation

ROI definition Tracking Analysis Standardization

Faster performance
Reduced variability
Increased repeatability



Deep learning can be used to speed up optical flow tracking.
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Color encodes 
motion direction

FlowNet

ROI definition Tracking Analysis Standardization



Deep learning can be used to speed up optical flow tracking.
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FlowNet

[Østvik et al. Lec Notes Comp. Sci. 2018] 

Analysis StandardizationROI definition Tracking

Faster performance



Advanced shape analysis can be used to better quantify variations in deformation.
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FlowNet

[folk.ntnu.no/stoylen]

Strain gives a pixel-wise map of displacement across the myocardium

Analysis StandardizationROI definition Tracking
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FlowNet

[Duchateau et al. Med. Imag. Anal., 2012] 

Motion is strongly correlated, and the dimensionality can be reduced to a manifold.

Advanced shape analysis can be used to better quantify variations in deformation.

Analysis StandardizationROI definition Tracking
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FlowNet

[Duchateau et al. Med. Imag. Anal., 2012] 

Abnormal motion patterns can then be 
identified based on an atlas of normal

Advanced shape analysis can be used to better quantify variations in deformation.

Motion is strongly correlated, and the dimensionality can be reduced to a manifold.

Analysis StandardizationROI definition Tracking
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FlowNet

[Sanchez-Martinez et al. Med. Imag. Anal., 2017] 

Motion patterns can be correlated with disease

Advanced shape analysis can be used to better quantify variations in deformation.

Analysis StandardizationROI definition Tracking

Automated abnormal motion detection
Personalized diagnoses
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FlowNet

[Cikes et al. Eur. J. Heart Failure, 2018] 

Unsupervised learning can also be used to integrate other clinical factors and 
measurements into a common analysis framework. 

Advanced shape analysis can be used to better quantify variations in deformation.

Analysis StandardizationROI definition Tracking
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[Alessandrini et al. IEEE Trans. Ultrasonics, Ferro., and Freq. Ctl. 2018] 

Anatomical models can be used to create synthetic gold-standard ground truth data. 

Analysis StandardizationROI definition Tracking
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Function and strain are closely related: functional changes can be seen in regional 
deformation patterns

[Voigt & Cvijic, JACC: Cardiovascular Imag. 1019 ]
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For speckle tracking echocardiography, the first step is selecting the region of interest.
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The ROI is tracked through the cardiac cycle to give deformation results
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Repeat for 2CH and APLAX images to give find the strain across the ventricle
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Repeat for 2CH and APLAX images to give find the strain across the ventricle
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In normal cases, strain imaging shows consistent deformation across the ventricle.

[Loncaric et al. Global Cardiology, 2018]
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Local hypertrophy causes a reduction in regional longitudinal strain

[Loncaric et al. Global Cardiology, 2018]
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Dyssynchrony causes a large time 
difference (t) between peak systolic 
strain in different segments
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[Delgado et al., J Am Coll Cardiol. 2008 ]
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Ischemia will reduce myocardial function in the infarcted segment.
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Early lengthening

Reduced peak 
systolic strain

Post systolic shortening

[Collier et al., J Am Coll Cardiol. 2017 ]
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