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Talk Title:  Real-time/Free-breathing/Ungated Perfusion 
 
Target audience: Researchers and clinicians concerned with respiratory and cardiac motion effects on 
myocardial perfusion and interested in methods for free-breathing and/or ungated imaging.  
 
Objectives: – After this presentation, one will be able to 1) discuss three approaches to handling 
respiratory motion in cardiac perfusion including estimating motion within the reconstruction,  and 2) 
discuss potential benefits and challenges of some of the new ungated approaches.  
 
PURPOSE: – To review a variety of methods for handling motion in myocardial perfusion MRI, and to 
present new methods for ungated free-breathing perfusion imaging.  
 
METHODS & RESULTS:  
Respiratory motion 
While breath-hold scans are ideal in that the only changes over time are due to gadolinium 
concentration changes, large breaths at inopportune times can be a serious drawback. Typically, not all 
subjects can hold their breath long enough for the first pass study. This is especially true during 
pharmacological stress, or (even more challenging) at exercise stress [1, 2]. Thus respiratory motion 
needs to be considered.  
 
Free-breathing perfusion scans have been shown to have good sensitivity and specificity – this is likely 
because physicians reading the scans are good at ignoring inter-frame motion. Intra-frame motion is 
generally not an issue from respiration since most acquisitions are short (<150 msec) relative to 
respiratory changes. Out-of-plane motion can be a consideration but is typically relatively small in free-
breathing scans. For quantification or for possibly improved reading, there are essentially three ways to 
handle inter-frame motion.  
 
The first method for handling the inter-frame motion, and by far the most widely used, is to register the 
time frames post-acquisition. Both rigid and non-rigid motion compensation methods have been 
explored by numerous groups – see survey in [3], and papers such as [4-8].  
The change in contrast over time complicates the registration compared to typical image registration 
methods, but has been addressed in several different ways. For example, mutual information [9], 
statistically based methods [10], iterative comparisons with a reference image [11], model-based 
methods [12], and independent component analysis (ICA) [13] have all been formulated to work for the 
time-varying contrast in the images. Some of these groups have provided data in order for others to 
compare alternative methods on the same datasets. For example, Wollny et al. compared methods and 
provided data online for others to compare in [14]. And a 2014 MICCAI STACOM workshop ran a 
perfusion registration challenge in which different groups compared their methods directly on common 
datasets (see http://www.cardiacatlas.org/web/stacom2014/moco-introduction and results at 
https://avan.shinyapps.io/MoCoSTACOM2014/). [15] 
The large number of papers for image registration of perfusion images reflects that this is not a solved 
problem for some datasets, although images with high SNR and relatively small motion (shallow 
breathing) seem to be readily registered with a number of the published techniques.  
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A second approach for handling inter-frame motion is relatively new. This is to include motion 
compensation within the image reconstruction. In particular, for high undersampling rates and for 
reconstructions leveraging temporal correlations, estimating motion should provide significant gains in 
image quality. These gains can exist whether or not motion free images are reconstructed. Examples of 
such approaches applied to perfusion include [16-23]. These methods are generally very 
computationally intensive, though it makes intuitive sense not to decouple the image reconstruction and 
registration processes as heavily undersampled acquisitions become the norm.  
 
A third approach is to handle inter-frame motion by modifying the acquisition to include prospective 
slice-tracking. Only a few groups have reported on this approach [2, 24, 25]. An extra navigator readout 
is performed for each time frame and used to adjust the position of the slice in that time frame. This 
approach can be particularly helpful for exercise stress studies, where breathing is deep and rapid, 
causing significant out-of-plane motion [2]. Obtaining a robust navigator signal can be challenging at 3T 
[24].  
 
What about respiratory motion issues for 3D perfusion acquisitions?  More 3D perfusion studies are 
being published, mostly using breath-hold acquisitions. Similar issues as with 2D arise, although the 
fact that each 3D set of slices has the same contrast and the same timing (cardiac phase and 
respiratory phase) at each heartbeat makes the problem of registration easier in principle. Through- 
plane motion too is different in that it is likely correctable in central slices since it essentially changes 
only edges of the slab, and only one slab edge would have new data.  
 
Cardiac Motion 
Good ECG-gating is still problematic for some studies, especially at 3T. Additionally, arrhythmias are a 
concern that typically result in missed beats and inefficient acquisitions. These problems do not only 
affect perfusion scans. For example, cine scans can have gating/rhythm issues, and thus a number of 
groups have developed real-time or self-gated cine studies. Similar approaches are possible for 
perfusion, since with current advances, very rapid readouts are possible - a block of slices can be 
acquired repeatedly, without any gating signals. These ungated images can then be read by physicians 
[26], or the frames can be retrospectively binned (“self-gated”) into systole or diastole prior to reading 
[26] or for quantitative analysis [27, 28]. With this type of ungated free-breathing acquisition, perfusion 
becomes a much simpler protocol to prescribe and run on the scanner.  
 
Ungated approaches also naturally lead to the idea of dropping the saturation pulse and acquiring 3D 
acquisitions at steady state [29, 30], much like 3D tumor DCE scans are done with spoiled gradient 
echo (SPGR) sequences. Other alternatives such as 3D SSFP with T2/T1 contrast have been 
published [31]. And 2D SPGR methods with single-slice [32] and multi-slice acquisitions are beginning 
to be studied as well. There are trade-offs with these imaging approaches; it is not clear what approach 
is best but it is clear that perfusion imaging has exciting times ahead.  
 
CONCLUSION: – Advances in myocardial perfusion imaging techniques have made motion less of an 
issue. Free-breathing scans and even ungated acquisitions are being performed. In the future it is likely 
that acquisitions will become simpler and more efficient by moving more of the complexity to the image 
reconstruction and registration software. Such advances will widen use of the technique, increasing 
clinical impact.  
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