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Current medical imaging of the human heart will scan 
cardiac structures and their motion such as valves, 
vessels, ventricle and atrium.

[1] Cardiac Ultrasound (Echocardiography) Made Easy: Step-By-Step Guide, Vi Dinh, https://www.pocus101.com/cardiac-ultrasound-echocardiography-made-easy-step-by-step-guide/
[2] https://en.wikipedia.org/wiki/Ebstein%27s_anomaly            [3] https://journals.sagepub.com/doi/10.1177/2150135117692973                 
[4] https://cardiovascularultrasound.biomedcentral.com/articles/10.1186/1476-7120-6-33

Figure 1 : Examples of Cardiac Motion Scanned via Echocardiogram [1]. Cardiac motion analysis can help clinicians 
identify many cardiovascular diseases, such as 

Heart Failure.

Figure 2 : Examples of Normal (Left) and Heart Failure (Right).

Normal Abnormal

https://www.pocus101.com/author/pocus101/
https://www.pocus101.com/cardiac-ultrasound-echocardiography-made-easy-step-by-step-guide/
https://en.wikipedia.org/wiki/Ebstein%27s_anomaly
https://journals.sagepub.com/doi/10.1177/2150135117692973
https://cardiovascularultrasound.biomedcentral.com/articles/10.1186/1476-7120-6-33


Challenges for Cardiac Motion Analysis
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Previous methods lack consideration of the motion dynamics and 
spatial variability; 

Previous methods often overlook the long-term relationships and regional 
motion characteristic. 

It is necessary to leverage temporal and spatial information for cardiac 
motion tracking;



The Observation of Cardiac Motion
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Regional Motions in Cardiac: Regions of the Right 
Atrium (red) and Myocardium (green) performing the 
opposite trajectories during the heartbeat cycle.

The deformation is bounded in the space of 
periodically specific human cardiac motion 
variation, which means we are able to formulate 
Cardiac Motion as a strong Prior Knowledge.

Figure 3 : The motivation of regional motion analysis and formulate cardiac motion as prior knowledge via Gaussian Process



A Novel Framework Named GPTrack for Cardiac Motion Analysis
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Motivations
• Pervious studies focus only the global 

understanding of cardiac motion;

• Deformation is bounded in the space of 
periodically specific human cardiac motion 
variation;

• Enabling both temporal and spatial 
understanding for cardiac motion analysis.

Our Solutions
• We employ the Gaussian Process (GP) to 

promote temporal consistency and regional 
variability incompact latent space, 
establishing a robust regularizer to enhance 
cardiac motion tracking accuracy;

• GPTrack framework is designed to capture 
the long-term relationship of cardiac motion 
via a bidirectional recursive manner;
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Difference Between GPTrack and Conventional Methods
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This framework employs the Gaussian Process (GP) to promote temporal consistency 
and regional variability incompact latent space, establishing a robust regularizer to 
enhance cardiac motion tracking accuracy.

1. GPTrack allows the registration network to aggregate the spatial information temporally, both forward and backward. 
2. GPTrack considering the motion consistency between two adjacent state space



The overview pipeline of GPTrack
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The GPTrack layer consists of 
two independent GPTrack cells 
that respond to forward and 
backward computation.

With the recursive manner, our GPTrack is able to formulate the 
variable temporal information while maintaining the comparable 
computational cost.



The overview pipeline of GPTrack Cell
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The current input 𝑥𝑥𝑡𝑡 and hidden state ℎ𝑡𝑡−1 followed by the addition of learnable position encoding 𝑝𝑝𝑝𝑝𝑠𝑠𝑡𝑡 ∈
𝑅𝑅𝑃𝑃 ×𝐶𝐶 are respectively normalized by Layer Normalization LN(⋅). The linear self-attention then computes the 
attentive weight 𝐴𝐴𝑡𝑡  ∈  𝑅𝑅𝑃𝑃 ×𝐶𝐶  of combined 𝑥𝑥𝑡𝑡 and ℎ𝑡𝑡−1. The above operations can be formulated as follows:

Learnable Weight of Query, Key and Value Concatenation Operation

Exponential Linear Units 𝑒𝑒𝑒𝑒𝑒𝑒(·)



The overview pipeline of GPTrack Cell
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The output feature 𝑓𝑓𝑡𝑡 and hidden state ℎ𝑡𝑡 of the t-th moment is formulated as:



Gaussian Process in Cardiac Motion Tracking
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Initially, we define a covariance (kernel) function for the GP layer as depicted in the above figure. 
We employ the isotropic and stationary Matern kernel to fulfil the required covariance function 
structure.

where 𝜈𝜈,𝜎𝜎, 𝑒𝑒 >  0 are the smoothness, magnitude and length scale parameters, 𝐾𝐾𝑣𝑣 is the modified 
Bessel function, and 𝐷𝐷(·,·) denotes the distance metric between features of two consecutive 
motion fields. 



Gaussian Process in Cardiac Motion Tracking
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We regard the sequential output 𝑓𝑓𝑡𝑡 𝑡𝑡
𝑇𝑇 = 1 of GPTrack as noise-corrupted versions of the ideal latent 

space encodings, formulating the inference as the following GP regression model with noise 
observations 𝑧𝑧𝑡𝑡:

where 𝜎𝜎2 is the noise variance of the likelihood model set as the learnable parameter in GPTrack.



Gaussian Process in Cardiac Motion Tracking

12The Thirty-Eighth Annual Conference on 
Neural Information Processing Systems

Concretely, the Gaussian process corresponds to the following linear stochastic differential equation:

with the solution as:



Gaussian Process in Cardiac Motion Tracking
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Then we can discretize the pervious solution and get its weakly equivalent state-space 
model of Equation as:



Gaussian Process in Cardiac Motion Tracking
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Given the initial value 𝑧𝑧0  ∼  𝑁𝑁 (𝜇𝜇0, Σ0) with 𝜇𝜇0  =  0 and Σ0 = 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑( 𝜎𝜎2/2 , 3𝜎𝜎2/𝑒𝑒2 ), we can 
sequentially calculate the posterior distribution using update criterion of Kalman filter for state 
space model as:



Gaussian Process in Cardiac Motion Tracking
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The 𝑘𝑘𝑡𝑡 is the optimal Kalman gain at time 𝑡𝑡. The output of the GP layer in t-th moment thus 
can be formulated as 𝑧𝑧𝑡𝑡𝐺𝐺𝑃𝑃 =  ReLU(𝑘𝑘𝑡𝑡𝑧𝑧𝑡𝑡). In the final, the t-th motion field 𝜃𝜃𝑡𝑡 is obtained by 
decoder from the 𝑧𝑧𝑡𝑡𝐺𝐺𝑃𝑃. 



Gaussian Process in Cardiac Motion Tracking
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The overall loss function 𝐿𝐿 is formulated as:



Experiments and Results
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We use the Peak Signal-to-Noise Ratio (PSNR) and Structural Similarity Index (SSIM) to measure whether the motion 
field is accurately estimated between the first frame and the following wrapped frames. We also use the Dice score to measure 
the discrepancy between tracked and ground-truth cardiac segmentation
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Visualization of Cardiac Motion Tracking in CardiacUDA
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Experiments and Results
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We use the Peak Signal-to-Noise Ratio (PSNR) and Structural Similarity Index (SSIM) to measure whether the motion 
field is accurately estimated between the first frame and the following wrapped frames. We also use the Dice score to measure 
the discrepancy between tracked and ground-truth cardiac segmentation



Visualization of Cardiac Motion Tracking in ACDC
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Our Contribution
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 We highlights the cardiac motion trajectory that follows a certain pattern 
can be modelled as prior knowledge via the Gaussian Process.

 We capture the long-term relationship of cardiac motion via a bidirectional 
recursive manner, mimics the workflows of the classical diffeomorphic 
registration framework. 

 Our framework achieves state-of-the-art performance on both 3D 
Echocardiogram videos and 4D temporal MRI datasets, maintaining 
comparable computational efficiency. 
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Code & data:   https://github.com/xmed-lab/GPTrack

Jiewen Yang - jyangcu@connect.ust.hk  
Xiaomeng Li - eexmli@ust.hk  Contact : 

mailto:jyangcu@connect.ust.hk
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