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Abstract. Although the evaluation of cardiac perfusion using MRI could be of 
crucial importance for the diagnosis of ischemic heart diseases, it is still not a 
routinely used technique. The major difficulty is that MR perfusion images are 
often corrupted by inconsistent myocardial motion. Although motion compen-
sation methods have been studied throughout the past decade, no clinically ac-
cepted solution has emerged. This is partly due to the lack of comprehensive 
validation. To address this deficit we collected a large multi-centre MR perfu-
sion dataset and used this to characterize typical myocardial motion and con-
firmed that under clinically relevant conditions motion correction is a frequent 
requirement (67% of all 586 cases). We then developed a proposed solution 
which includes both rigid/affine and the non-rigid image registration. Quantita-
tive validation has been conducted using 6 different statistics to provide a com-
prehensive evaluation, showing the proposed techniques to be highly robust to 
different myocardial anatomy and motion patterns as well as to MR imaging 
acquisition parameters. 

1   Introduction 

The evaluation of myocardial perfusion is of crucial importance in the diagnosis and 
therapeutic decision-making of known and suspected ischemic heart disease. Differ-
ent techniques have been developed to measure coronary flow and myocardial perfu-
sion. Although nowadays only radionuclide imaging techniques, such as Single  
Photon-Emission Computed Tomography (SPECT) and Positron-Emission Tomogra-
phy (PET) are widely used in the clinical setting [1], myocardial MR perfusion imag-
ing is becoming popular. Perfusion MR imaging offers several advantages including 
its non-invasive nature, the ability to achieve higher spatial resolution and the flexible 
imaging orientation.  

Despite clear advantages over radionuclide techniques, MR perfusion imaging  
is still not routinely used by cardiologists and radiologists. One major difficulty is the 
perfusion evaluation using MR is often undermined by inconsistent myocardial  
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motion mainly caused by patient breathing and imperfect cardiac gating. As a result a 
motion compensation procedure must be applied prior to compute the myocardial 
signal intensity (SI) curves during the first or second pass of the injected MR contrast 
agent.  

To maximize the clinical applicability, an effective motion compensation method 
should be able to cope with different MR pulse sequences which are now used to 
assess MR perfusion. Clinically three widely used sequences are TurboFLASH 
(Turbo Fast Low Angle Shot), TrueFISP (True Fast Imaging with Steady state Preces-
sion), and GRE-EPI (Gradient Echo type Echo Planar Imaging) [1,2]. Although all 
three can be classified as MR sequences, they can produce perfusion images with 
variant spatial resolution, myocardial contrast and signal-to-noise ratio (SNR), which 
challenges the motion compensation method. Moreover, clinical routine requires the 
sufficient coverage of the entire left ventricle (LV), so that a large part of myocardium 
can be imaged. However, due to the limited imaging efficiency of current MR scan-
ners, the MR perfusion sequences are basically two-dimensional (2D) and thus multi-
slice imaging techniques must employed. Generally, a minimum of three short-axis 
slices coving the basal, medial and apical part of LV is recommended [1,3], as shown 
in Fig. 1. Further increasing the number of slices does not significantly improve the 
assessment of myocardial perfusion [3]. The motion compensation method is there-
fore required to cope with different myocardial anatomy and align perfusion series for 
all three different slice positions.  

Different motion compensation algorithms have been proposed to correct MR per-
fusion series. The majority of them focuses to compensate the rigid-body motion 
using image registration [4-10], while an exception is recently published [11] with the 
ICA (independent component analysis) being used to analyze the myocardium inten-
sity patterns and to estimate the 2D translation. To correct the possible non-rigid de-
formation of myocardium during the contrast uptake, methods based on active con-
tour [12] and active shape model [13] have been developed.  

Despite the above-mentioned methodology studies throughout the past decade, no 
clinically accepted solution has emerged. This is partly due to lack of comprehensive 
validation. To the best of our knowledge, none of these proposed techniques have 
been explicitly validated on the large clinical datasets including all main perfusion 
MR pulse sequences and different slice positions (basal, medial and apical).  

To address this deficit we collected a large multi-center MR perfusion dataset cov-
ering typical clinical configurations and used this to first characterize typical myocar-
dial motion and then to develop a proposed solution which includes both rigid/affine 
 

 

Fig. 1. To cover the entire LV, a minimum of three short-axis slices are required 
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and the non-rigid image registration. Quantitative validation has been conducted using 
6 different statistics to provide a comprehensive evaluation, showing the proposed 
techniques to be highly robust to different myocardium motion, slice positions and 
MR imaging acquisition parameters.  

2   Materials and Methods 

2.1   Datasets 

Data from 76 patients scanned in 4 different institutes (CCB, Frankfurt, Germany; 
Elisabeth-Krankenhaus, Essen, Germany; NHLBI, Bethesda, MD, USA; and the 
Royal Brompton Hospital, London, UK) was collected, with a total of 586 image 
series, including 28,241 2D frames. Three different MR perfusion imaging sequences 
(TurboFLASH, TrueFISP, and GRE-EPI) were used in these scans. All scans were 
performed with a minimum of three slice positions (basal, medial and apical).  

 

Fig. 2. An illustration of different myocardium motion. First row: the GRE-EPI perfusion series 
does not show discernible motion. Second row: this TrueFISP image shows significant motion. 

To verify the necessity for motion compensation in the clinical setting, we visually 
reviewed all datasets and classified them into two categories (no significant motion 
and with significant motion) according to the maximal motion magnitude presented in 
the series. No discernible motion was found in 196 series (33%) while the other 390 
series (67%) clearly require motion compensation, which emphasized the necessity of 
the motion compensation for MR perfusion assessment. As an illustration, two typical 
perfusion series are shown in Fig. 2.  

The motion corrupted perfusion sequences (390 in total) were further analyzed to 
determine the patterns of myocardium motion. In 122 series the myocardium shows 
no visible local deformation and a rigid transformation (translation and rotation) is 
therefore adequate. The other 268 series displayed discernible non-rigid deformation 
of the myocardium, suggesting the use of non-rigid registration for these cases. Note 
that no data was excluded from the qualitative analysis, or from the evaluation of 
motion correction procedures, maximizing the fidelity to the real clinical setting.  
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2.2   Rigid/Affine Motion Compensation 

A general rigid/affine registration framework is implemented, including image trans-
formation, interpolator, similarity metric and optimizer. We have achieved a highly 
robust rigid/affine registration for MR perfusion series by adopting a multi-level 
optimizer which is defined as a container of a specific single-step optimizer. Within 
this scheme, the step-size of the optimization algorithm is reduced by a factor of two 
after every optimization step. The multi-level optimizer is used with the multi-
resolution image pyramid to enlarge the capture range. An outline of the multi-
resolution multi-level rigid/affine registration algorithm is shown in Algorithm 1. 

As a practical motion compensation algorithm requires the robustness to different 
configurations, we fixed the parameters of the rigid and affine registration and used 
them to align all perfusion series. For the rigid registration, three resolution levels and 
five optimization level were used (both were scaled by 2), while two resolution levels 
and six optimization levels were adopted for affine registration. The single-level 
optimizer was based on the simple downhill algorithm. For all perfusion series, the 
rigid registration was performed fist and its output was fed into the affine registration 
as the initial transformation. 

Algorithm 1. Multi-level optimizer 
Global step size  
for every image resolution level 
      step size for numerical gradient computation  
      for every optimization level 
            apply the single level optimizer with the step size being 
  
      end of current optimization  level 
       200 λλ =  

end of current resolution  level 

2.3   Non-rigid Motion Compensation 

A Free-Form Deformation (FFD) based non-rigid registration algorithm [14] is ap-
plied after the rigid/affine motion correction. In this framework, a dense 2D deforma-
tion field is parameterized at a sparse control point lattice. The motion vector at every 
control point is estimated to optimize the cost function. A multi-level B-spline FFD 
transformation is used to allow non-uniform control point lattice spacing and facilitate 
the capture of large deformation fields, as suggested in [15]. 

To define a FFD for the myocardium and left ventricle, we define the spatial do-

main occupied by heart as follows: ( ){ }ZzYyXxzyxS ≤≤≤≤≤≤=Ω 0,0,0,,  and sφ  
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( )zyxi ,,=v  is represented as the 2D tensor of the 1-D cubic B-splines: 

( ) ( ) ml,ji
m n

nmilocal φvBuB ++
= =
∑∑=

3

0

3

0

)(vT           (1) 

0λ  

0λλ =

0λλ =
2λλ =  



 Evaluation of Rigid and Non-rigid Motion Compensation of Cardiac Perfusion MRI 39 

where ⎣ ⎦ 1/ −= xnxi , ⎣ ⎦ 1/ −= ynyj , ⎣ ⎦xx nxnxu // −= , and ⎣ ⎦yy nynyv // −= . 
mB  

represents the m-th basis function of the B-spline. The basis functions of cubic B-
splines have limited support. Therefore changing a control point in the grid affects 
only a 4×4 region around that control point. To ensure that the spatial transformation 
defined by the FFD is smooth and the unrealistic deformation of myocardium is 
minimized, the standard second order regularization penalty should be added into the 
similarity metric [14].  

Again, tunable parameters were empirically fixed for all non-rigid registration. The 
two levels B-spline FFD was used and the control point spacing was 30mm for the 
coarse level and halved for the finer level. The weighting coefficient to balance the 
regularization penalty is 0.0025 for both FFD levels.   

 

Fig. 3. An example of MR perfusion motion compensation. Before registration: (a) A 2D slice 
overlaid with myocardium contour extracted from the template slice; (b) The intensity-time 
relationship for this series. After motion compensation: (c) the same slice as (a) and (d) the 
corrected intensity-time relationship. This image was acquired using the GRE-EPI pulse  
sequence. 

For both rigid/affine and non-rigid motion correction, normalized mutual informa-
tion (NMI) [16] is maximized during the registration, as the MR perfusion series 
commonly show large intensity changes within myocardium and LV during the con-
trast agent passage. A slice selected for peak signal change during first pass of the 
contrast in the myocardium is used as a template and all other slices are transformed 
into the template coordinate system. We found the registration to be more robust if the 
slices to be aligned have similar contrast, even when NMI is used. Therefore, registra-
tion is performed consecutively between temporally adjacent slices, starting from the 
template and its direct neighbors (previous and next). For the rigid/affine registration, 
the computed transformation matrices are easily concatenated while for the non-rigid 
registration, a slice is registered to its warped neighbors that have been transformed 
into the template coordinate system. 
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3   Experimental Approaches 

Registration performance is first evaluated by means of visual inspection. Specifi-
cally, each data set is assessed visually and graded by an expert. For the 196 series 
classified as ‘no significant motion’, two grades are used (failed and same). A cor-
rected series is classified as ‘failed’, if the registration introduces unwanted jitter, 
given the original series does not present discernible motion. The grade ‘same’ means 
the registration does preserve the quality of original series. For the 390 series with 
significant motion, the results of motion compensation should clearly decrease the 
jitter of myocardium. The three grades used here are then ‘failed, not improved and 
improved’. The grade ‘not improved’ means there are still clear motion left after the 
compensation and further processing is required, while ‘improved’ means the signifi-
cant motion throughout the whole series has been largely cured. 

Table 1. The quantitative measures for the perfusion series 

TA-I  [mm] TS-L  [mm] Dice ratio  
no r/a ffd no r/a ffd no r/a ffd 

Basal 0.713 0.713 0.442 0.359 0.359 0.653 0.942 0.942 0.940 
Medial 0.761 0.758 0.507 0.361 0.353 0.438 0.922 0.921 0.909 
Apical 0.391 0.391 0.574 0.660 0.660 0.807 0.906 0.906 0.888 N

o 
m

ot
io

n 

Total 0.621 0.621 0.507 0.460 0.457 0.633 0.923 0.923 0.912 
Basal 4.006 0.893 0.745 6.925 1.210 0.837 0.783 0.926 0.935 

Medial 4.027 1.122 0.625 6.291 0.644 0.521 0.674 0.890 0.913 
Apical 2.314 1.487 0.943 7.172 1.257 1.197 0.674 0.882 0.894 W

ith
 

m
ot

io
n 

Total 3.449 1.168 0.771 6.796 1.037 0.852 0.710 0.899 0.914 
 

FP FN MBE  [mm]  
no r/a ffd no r/a ffd no r/a ffd 

Basal 0.092 0.092 0.071 0.024 0.024 0.050 0.042 0.042 0.024 
Medial 0.079 0.079 0.086 0.078 0.079 0.097 0.008 0.009 0.005 
Apical 0.127 0.127 0.122 0.062 0.062 0.102 0.003 0.003 0.013 N

o 
m

ot
io

n 

Total 0.099 0.099 0.093 0.055 0.055 0.083 0.011 0.010 0.002 
Basal 0.241 0.073 0.069 0.193 0.075 0.061 1.814 0.004 0.013 

Medial 0.360 0.119 0.105 0.293 0.102 0.069 1.382 0.012 0.002 
Apical 0.378 0.136 0.126 0.274 0.101 0.086 1.463 0.151 0.049 W

ith
 

m
ot

io
n 

Total 0.326 0.109 0.100 0.253 0.093 0.072 1.553 0.056 0.021 

A quantitative evaluation was performed by manually delineating the left ventricle 
and myocardium. For every selected series, two single 2D slices were selected. One is 
the template and the other one is chosen when the myocardium motion was more 
discernible. For the subjects without significant motion, 5 series are selected for every 
slice position (basal, medial and apical), while for the group with significant motion a 
total of 30 series are used (10 for each slice position). As a result, a total of 45 series 
are randomly selected, covering all the different MR pulse sequences. Six statistical 
measures are computed to give a comprehensive quantification:  

• TA-I and TS-L: the relative motion of the left ventricle center point between the tem-
plate and the registered slice (A-I and S-L, Anterior-Inferior and Septal-Lateral  
directions);  

• Dice ratio: the myocardium overlap ratio;  
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• FP and FN: the false positive and false negative ratios of the myocardium mask;  
• MBE: the myocardium boundary errors defined as the minimal distances between 

myocardium contours (endo and epi) extracted from the template and the registered 
slice. 

4   Results 

We applied the proposed method to all 586 MR perfusion series. As demonstrated in 
Fig. 3 where a typical example of MR perfusion motion compensation is given, with 
the effective rigid/affine and non-rigid registration, the jitter motion of myocardium 
can be largely eliminated. This corrected perfusion series will enable cardiologists to 
visually identify perfusion defects and further make the generation of perfusion para-
metric maps from the signal time course possible.  

Qualitative evaluation revealed that for all 196 series without significant motion, 
no ‘failed’ cases were found and all series are graded as ‘same’, which means the 
motion correction did not introduce discernible errors. For 390 series with significant 
motion, 6 series (~1.5%) had large motion remaining after correction and were classi-
fied as ‘not improved’, while all others are noticeably improved. Again, no ‘failed’ 
cases were reported.  

The results of qualitative assessment emphasize the robustness of proposed tech-
nique. The fact that no ‘failed’ cases were found proves proposed motion compensa-
tion scheme is highly reliably and can deal with variant MR pulse sequences with 
different SNR and myocardium contrast characteristics. Also, the registration does not 
show special preference for any specific slice position, which further strengthens its 
clinical applicability. 

In all cases the non-rigid motion correction works well if the rigid/affine registra-
tion is successful. Table 1 summarizes the results from the quantitative measures 
before and after motion correction. For the series without significant motion, these 
measures show very small changes after the motion correction, while for the series 
with significant motion, the improvement is quite noticeable. Furthermore, the im-
provement from the non-rigid registration is discernible, but less significant if com-
pared to the rigid/affine registration. This may be interpreted by the fact that 
 

 

Fig. 4. The accumulated distribution histograms over all perfusion series to reveal the maximal 
magnitude of possible myocardium motion 
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myocardium motion in a perfusion series are mainly caused by the patient breathing 
along the septal-lateral direction. 

Given the satisfied results of motion compensation and the considerable amount of 
perfusion series used for evaluation, we can perform a retrospective study to reveal 
the maximal magnitude of possible myocardium motion. Specifically, for every per-
fusion series, its maximal translation along the S-I direction TS-L, rotation R and scal-
ing values S were estimated from the rigid/affine registration. The accumulated distri-
bution histograms of these measures are shown in Fig. 4. As shown in Fig. 4 (a), the 
TS-L values of 90% of all perfusion series are less than 12.7mm, while the 50% of all 
series move for more than 3.7mm. Compared to the significant translation, Fig. 4(b) 
and (c) show the rotation and scaling of myocardium are less serious. The maximal 
rotations of 90% of all series are less than 5% and the scaling values are less than 0.1. 
These statistics highlight the necessary minimal capture range for a robust MR perfu-
sion motion compensation method.  

5   Discussion and Conclusions 

Analysis of a large collection of data obtained under clinically relevant conditions 
confirmed that motion correction is a frequent requirement (67% of cases in this sam-
ple). As only highly reliable motion compensation approaches can be routinely used, 
we have developed a highly robust solution including both rigid/affine and the non-
rigid image registration. The proposed method is tested on a large multi-center MR 
perfusion dataset covering typical clinical configurations. Both visual assessment and 
qualitative evaluation are performed and we have shown that our techniques are effec-
tive in 98.5% of the cases tested. The qualitative evaluation shows the non-rigid regis-
tration only slightly improves the motion compensation, which can lead to the ques-
tioning of its practical value in the clinical setting because of the heavy computational 
workload required. As a result, we would like to get more clinical feedback from 
professional cardiologists and improve the understanding of the role that the non-rigid 
registration may play in the context of MR perfusion motion compensation.  
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