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Abstract. Real-time three-dimensional echocardiography (RT3DE) offers an
efficient way to obtain complete 3D images of the heart over an entire cardiac
cycle in just a few seconds. The complex 3D wall motion and temporal infor-
mation contained in these 4D data sequences has the potential to enhance and
supplement other imaging modalities for clinical diagnoses based on cardiac
motion analysis. In our previous work, a 4D optical flow based method was de-
veloped to estimate dynamic cardiac metrics, including strains anddisplace-
ments, from 4D ultrasound. In this study, in order to evaluate the ability of our
method in detecting ischemic regions, coronary artery occlusion experiments at
various locations were performed on five dogs. 4D ultrasound data acquired
during these experiments were analyzed with our proposed method. Ischemic
regions predicted by the outcome of strain measurements were compared to
predictions from cardiac physiology with strong agreement. This is the first di-
rect validation study of our image analysis method for biomechanical prediction
and in vivo experimental outcome.

1 Introduction

Motion estimation in echocardiography has been and continues to be an active area of
research. Doppler ultrasound has become widespread for imaging flow and quantify-
ing blood and tissue velocities. However, this method is limited by angular depend-
ency, i.e., it can only quantify the axial component of motion along the transmitted
acoustic wave. Speckle tracking methods [1-4] overcome this limitation by directly
tracking the backscattered echoes produced by the ultrasonic scatterers in blood and
tissues. The tracking can be performed either in the image domain [2-4] or directly in
the radio-frequency (RF) domain [1]. Although in theory this can be done on 1D, 2D,
and 3D images, clinical applications are limited to 1D and 2D modalities. The ability
of speckle tracking to estimate motion and strain has been validated against MR tag-
ging in recent studies [5].
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Development of real-time 3D (RT3D) echocardiography started in the late 1990s
[6] based on matrix phased array transducers. Recently, a new generation of RT3D
transducers was introduced by Philips Medical Systems (Andover, MA) in the
SONOS 7500, followed by the iE33 model, which can acquire a fully sampled cardiac
volume in four cardiac cycles and capture complex 4D cardiac motion well. Recently,
other vendors have release their 4D ultrasound products, including GE Vivid 7 and
E9, Siemens SC2000 and Toshiba Artida. However, full exploitation of three-
dimensional ultrasound data for qualitative and quantitative evaluation of cardiac
function remains sub-optimal due to the lack of proper 4D analysis tools. Manual trac-
ing of myocardial borders is a tedious task that requires the intervention of an expert
cardiologist familiar with the ultrasound machine and an interactive drawing inter-
face. For this reason, myocardial motion is commonly assessed via visual inspection
of B-scan images. Moreover, even though some commercial software tools now pro-
vide 3D endocardial wall motion tracking tools, to this date, there is no commercial
real-time 3D ultrasound machine or software tool that can provide direct quantitative
motion and strain measurements analogous to tissue Doppler or strain imaging for the
entire myocardium, which has limited the application of RT3D echocardiography to
anatomical measurements and visual inspection of cardiac motion.

For this reason, several image processing-based motion and strain estimation com-
putational methods using 3D ultrasound have been proposed. Meunier [3] showed the
performance of 3D speckle tracking using simulated ultrasound images. Elen et al [7]
recently showed feasibility of using elastic registration in strain estimation. Our group
[8, 9] has shown that using a correlation-based optical flow method, myocardial mo-
tion fields can be estimated, from which directional displacements and strains can be
computed. In order to evaluate the values in biomechanical prediction, in this study,
ischemic regions detected by our method were directly compared to cardiac physiol-
ogy prediction during controlled coronary occlusion experiments.

2 Method

2.1 Correlation-Based Optical Flow

Optical flow (OF) tracking refers to the computation of the displacement field of ob-
jects in an image, based on the assumption that the intensity of the object remains
constant. In this context, motion of the object is characterized by a flow of pixels with
constant intensity. The assumption of intensity conservation is typically unrealistic for
natural movies and medical imaging applications, motivating the argument that OF
can only provide qualitative estimation of object motions. There are two global fami-
lies of OF computation techniques: (1) Differential techniques [10-12] that compute
velocity from spatio-temporal derivatives of pixel intensities; (2) Region-based
matching techniques [13, 14], which compute the OF via identification of local dis-
placements that provide optimal correlation of two consecutive image frames. Com-
pared to differential OF approaches, region-based methods using correlation measures
are less sensitive to noisy conditions and fast motion [15] but assume that displace-
ments in small neighborhoods are similar. In three-dimensional ultrasound, this later
approach appeared more appropriate and was selected for this study. Given two data
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sets from consecutive time frames: (I x,0),I1(x,t+ At)) , the displacement vector Ax

for each pixel in a small neighborhoods € around a pixel X is estimated via maximi-
zation of the cross-correlation coefficient defined as:

D (Ix0)*I(x+ Ax,t + Ap))

r= xe (l)
\/le(x,t)ZIZ(X LA+ A1)
xeQ xeQ

In this study, correlation-based OF was applied to estimate the displacement of se-
lected voxels between two consecutive ultrasound volumes in the cardiac cycle. The

search window  was centered about every (5x5x5) pixel volume and was set to

size (7x7x7).

2.2 Cardiac Dynamic Metrics

A flowchart of the computational framework is provided in Fig. 1 below. Three coor-
dinate systems are involved in the computational framework (Fig. 2): pixel coordi-
nates (i, j, k), Cartesian coordinates (X, y, z), and cylindrical coordinates (r, 0, z).
The OF estimation was performed in pixel coordinates. For the computation of dy-
namic information, displacements in pixel coordinates were converted into Cartesian
coordinates and centered inside the ventricular cavity so that the z-axis was aligned
with the long axis of left ventricle. This coordinate transform is performed via a rigid
transformation:

X i h ha hs i _Oi
YI=R|j|+T=\r, n, nr||j|+|-0; 2)
< k By Iy rallk] [0

where R is a rotation matrix, 7 is a translation vector, equal to the negative pixel coor-
dinates of the origin O of the Cartesian coordinate system. The ventricular axis was
defined as the axis connecting the center of the mitral orifice and the endocardial
apex. This axis has a very stable position during the whole cardiac cycle [16]. Based
on the Cartesian coordinate system, a corresponding cylindrical coordinate system is
established with the r-8 plane corresponding to the x-y plane and with the x-axis used
as the reference for 6.

Endocardial and epicardial contours were provided by cardiologists at end-diastole,
i.e. the 1" frame of the 4D ultrasound sequence, as an initialization. Based on that,
myocardium voxels were segmented and automatically tracked via correlation-based
optical flow algorithm through the whole cardiac cycle. Myocardial motion field
(uy,uy,u;) for each myocardial voxel provided by optical flow was then used to com-
pute dynamic cardiac metrics, including:

e Displacement low magnitude lul (mm)
e Radial displacement u, (mm)
e  Circumferential displacement u, (mm)
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Fig. 1. Flow chart of computational framework for processing of 4D echocardiography data for
measures of strain

X

Fig. 2. Coordinate systems for data acquisition and computation

e  Strain tensor E = (Vu +Vu'" +VuTVu)/2 , where the major diagonal values of

E contain thickening, circumferential strain, and longitudinal strain
e Twist Ou,/0z and cardiac torsion.

Gradient values were computed directly in pixel coordinates and converted into the
cylindrical coordinate system via chain rule. Derivatives in pixel coordinates were
approximated by central difference operators.

Since in clinical applications, temporal profiles of the segmental average values for
displacements and strains are more valuable than ED-to-ES values, we modified our
software so that it could compute temporal profiles of these cardiac dynamic metrics
in segmental average fashion, according to the 16-segment model of the left ventricu-
lar myocardium according to the American Society of Echocardiography [17].

2.3 Controlled Occlusion Experiments

To validate the ability of the proposed framework in predicting ischemic regions,
several controlled occlusions during open heart canine experiments were performed
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under a protocol approved by Columbia University’s Institutional Animal Care and
Use Committee. In each experiment, 4 different occlusions, including distal and
proximal LAD occlusions and distal and proximal LCx occlusions were performed.
4D ultrasound data was acquired during the experiment both for baseline and 2 min-
utes after occlusions with the iE33 ultrasound machine (Philips, Andover, MA), the
X3-1 probe (3MHz, 25 fps) and apical screening. A gelatin pad was placed between
the heart and the transducer. 4D ultrasound acquisition was acquired with 4-quadrant
mode as in clinical settings. The same experiment protocol was repeated for five dif-
ferent dogs on five different days.

3 Results

3.1 Temporal Curves

Results of radial displacements and radial strains (thickening) on the baseline scan
and after proximal LAD occlusion are shown in Fig. 3 and Fig. 4 respectively.
Compared to the results of the baseline scan, radial displacement correctly indicated
the outward motion of the anterior section and reduced motion for antero-septal and
septal sections of the heart. Overall motion magnitudes were lower for the other three
sections. The radial strain analysis results were even more interesting as: (1) negative
radial strain values were observed for the anterior section throughout the whole
cardiac cycle, (2) values for antero-septal segments also dropped, (3) whereas the
values of lateral and posterior sections were relatively stable.
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Fig. 3. Sample radial displacement estimation from 4D ultrasound analysis on (a) baseline and
(b) ischemic scans in a canine experiment with proximal LAD occlusion

Similar results can also be found from the circumferential strain values in Fig. 5:
Under LAD occlusion, values on the anterior segment changed from normal values
(negative) to abnormal (positive); values of antero-septal segments also dropped in
magnitude, whereas values of lateral and posterior sections remained relatively stable.
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Fig. 4. Sample radial strain (thickening) estimation from 4D ultrasound analysis on (a) baseline
and (b) ischemic scans in a canine experiment with proximal LAD occlusion

mid Ecc mid Ecc

antero-septal
anterior
lateral
posterior
inferior
septal

-0.02

x100%

antero-septal | 4
anterior
lateral
posterior
inferior
septal

-0.04

.
0.08 5 ES Ep  ED ES ED

(@ (b)

Fig. 5. Sample circumferential strain estimation from 4D ultrasound analysis on (a) baseline
and (b) ischemic scans in a canine experiment with proximal LAD occlusion

3.2 ED-ES 3D Results

We also compared our findings based on optical flow strain on canine heart
experimental data having a proximal LAD occlusion with predicted measures from a
physiological finite element model [16] under the same occlusion status. Sample
results are shown in Fig. 6. The abnormal region found by our proposed method of 4D
optical flow (shown in red in Fig. 6b) were very similar to the model prediction
(shown in Fig. 6a). Besides radial displacement, other metrics, such as wall thickening
and cardiac torsion, have yielded similar results of agreement.

3D visualizations made with the CardioViz3D software tool [18] of selected dog
studies data are shown in Fig. 7. The studies are the baseline case and the proximal
LAD occlusion case from the same dog, side by side. Colors displayed on the 3D
meshes are mapped to strain values rescaled between -1 and 1. From the results, the
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Fig. 6. (a) Anterior view of the finite element model with a large simulated LAD occlusion.
Wire frame represents the endocardial surface at end diastole, solid surface the endocardial
surface at end systole, and the red portion corresponds to the deactivated (ischemic) region. (b)
3D visualization of ED-to-ES radial displacement metric of a canine heart experiment with
proximal LAD occlusion, which is very similar to predicted values of the physiological model
under the same color mapping.
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Fig. 7. 3D visualization of dog (canine) cardiac study (a) Anterior view of the baseline case (b)
Posterior view of the baseline case (c) Anterior view of the proximal LAD occlusion (d) Poste-
rior view of the proximal LAD occlusion

normal case on anterior and posterior views in Fig. 7a and 7b shows mostly a green
color mapping, while in the proximal case regions of blue color are shown in specific
areas. In this example, we can therefore easily localize the abnormal area on the
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posterior view in Fig. 7d. This result was compared to standard views for two-
dimensional echocardiography, and can indicate abnormal regions due to ischemia.
These results also coincide with cardiac physiology findings for each case.

4 Conclusion

A correlation-based optical flow (OF) method was applied to myocardial tracking on
4D ultrasound data. Based on the estimated motion fields, several dynamic cardiac
metrics, including displacements and strain, were derived. The proposed method was
applied to 4D ultrasound data acquired via controlled coronary artery occlusion.
Ischemic regions predicted by temporal profiles of strain as well as ED-ES strain
maps were aligned with predictions from a cardiac physiological model, simulated
with the same occlusion position and extent. In the future, a finite-element based
fitting could further improve both the accuracy and robustness of our proposed com-
putational framework. The ability to derive strain measurement from real-time 3D
ultrasound is of great clinical and practical importance. Thus, our method could pro-
vide a novel diagnostic tool that would allow researchers and clinicians to use 4D
strain estimation based on echocardiography.

Acknowledgements

This work was partially funded by the American Heart Association grant #0640005N,
NIH 1RO1HL08516-01A2, and NIH/NHLBI 1R01HL086578-01A2. The authors also
would like to thank Katherine M. Parker (Department of Biomedical Engineering,
University of Virginia, USA) for her contribution on processing canine experiment
data.

References

1. Lubinski, M.A., Emelianov, S.Y., O’Donnell, M.: Speckle Tracking Methods for Ultra-
sonic Elasticity Imaging Using Short-Time Correlation. IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control 46, 82-96 (1999)

2. Kaluzynski, K., Chen, X., Emelianov, S.Y., Skovoroda, A.R., O’Donnell, M.: Strain Rate
Imaging Using Two-Dimensional Speckle Tracking. IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control 48 (2001)

3. Meunier, J.: Tissue motion assessment from 3D echographic speckle tracking. Physics in
Medicine and biology 43, 1241-1254 (1998)

4. Bohs, L.N., Geiman, B.J., Anderson, M.E., Gebhart, S.C., Trahey, G.E.: Speckle tracking
for multi-dimensional flow estimation. Ultrasonics 38, 369-375 (2000)

5. Notomi, Y., Lysyansky, P., Setser, R.M., Shiota, T., Popovic, Z.B., Martin-Miklovic,
M.G., Weaver, J.A., Oryszak, S.J., Greenberg, N.L., White, R.D., Thomas, J.D.: Meas-
urement of Ventricular Torsion by Two-Dimensional Ultrasound Speckle Tracking Imag-
ing. Journal of the American College of Cardiology 45, 2034-2041 (2005)

6. Ramm, O.T.V., Smith, S.W.: Real time volumetric ultrasound imaging system. Journal of
Digital Imaging 3, 261-266 (1990)



10.

11.
12.

13.

14.

15.

16.

17.

18.

Coronary Occlusion Detection with 4D Optical Flow 219

Elen, A., Choi, HF., Loeckx, D., Gao, H., Claus, P., Suetens, P., Maes, F., D’hooge, J.:
Three-dimensional cardiac strain estimation using spatio-temporal elastic registration of
ultrasound images: a feasibility study. IEEE Trans. Med. Imaging 27, 1580-1591 (2008)
Duan, Q., Angelini, E., Gerard, O., Homma, S., Laine, A.: Comparing optical-flow based
methods for quantification of myocardial deformations on RT3D ultrasound. In: IEEE In-
ternational Symposium on Biomedical Imaging (ISBI) (2006)

Duan, Q., Angelini, E., Herz, S.L., Ingrassia, C.M., Gerard, O., Costa, K.D., Holmes, J.W.,
Homma, S., Laine, A.: Dynamic Cardiac Information From Optical Flow Using Four Di-
mensional Ultrasound. In: 27th Annual International Conference IEEE Engineering in
Medicine and Biology Society (EMBS), Shanghai, China (2005)

Lucas, B.D., Kanade, T.: An iterative image registration technique with an application to
stereo vision. In: International Joint Conference on Artificial Intelligence (IJCAI) (1981)
Horn, B.K.P., Schunck, B.G.: Determining optical flow. Artificial Intelligence 17 (1981)
Nagel, H.: Displacement vectors derived from second-order intensity variations in image
sequences. Computer Vision Graphics Image Processing 21, 85-117 (1983)

Anandan, P.: A computational framework and an algorithm for the measurement of visual
motion. International Journal of Computer Vision 2, 283-310 (1989)

Singh, A.: An estimation-theoretic framework for image-flow computation. In: Interna-
tional Conference on Computer Vision (1990)

Barron, J.L., Fleet, D., Beauchemin, S.: Performance of optical flow techniques. Int. Jour-
nal of Computer Vision 12, 43-77 (1994)

Herz, S., Ingrassia, C., Homma, S., Costa, K., Holmes, J.: Parameterization of left ven-
tricular wall motion for detection of regional ischemia. Annals of Biomedical Engineer-
ing 33, 912-919 (2005)

Cerqueira, M., Weissman, N., Dilsizian, V., Jacobs, A., Kaul, S., Laskey, W., Pennell, D.,
Rumberger, J., Ryan, T., Verani, M.: Standardized myocardial segmentation and nomen-
clature for tomographic imaging of the heart. Circulation 105, 539-542 (2002)

Toussaint, N., Mansi, T., Delingette, H., Ayache, N., Sermesant, M.: An Integrated Plat-
form for Dynamic Cardiac Simulation and Image Processing: Application to Personalised
Tetralogy of Fallot Simulation. In: Proc. Eurographics Workshop on Visual Computing for
Biomedicine (VCBM), Delft, The Netherlands (2008)



	Coronary Occlusion Detection with 4D Optical Flow Based Strain Estimation on 4D Ultrasound
	Introduction
	Method
	Correlation-Based Optical Flow
	Cardiac Dynamic Metrics
	Controlled Occlusion Experiments

	Results
	Temporal Curves
	ED-ES 3D Results

	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Photoshop 4 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.01667
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU ()
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice




