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Abstract

Magnetic resonance (MR) coronary imaging is susceptible to artifacts caused by mo-

tion of the heart. The purpose of this thesis was to study the respiratory motion of

the coronary arteries and to use the results to develop strategies for improved MR

imaging.

The �rst section of the thesis describes an MR motion correction technique for

objects undergoing a 3D a�ne transformation. The remainder of the thesis focuses on

measuring the respiratory motion of the heart from free breathing X-ray angiograms.

Stereo reconstruction methods are used to generate 3D models of the arteries from

biplane angiograms. A method for tracking the motion of the arteries in a sequence

of biplane images is presented next. The algorithm uses 3D regularizing constraints

on the length changes of the arteries and on the spatial regularity of their motion.

The algorithm was validated using a deforming vascular phantom. RMS 3D distance

errors were measured between centerline models tracked in the x-ray images and

gold-standard models derived from a gated 3D MR acquisition. The mean error was

0.69� 0.06 mm for four di�erent orientations of the x-ray system.

The motion �eld recovered from free breathing angiograms isa combination of the

cardiac contraction and respiratory motion of the heart. A cardiac respiratory para-

metric model is formulated to decompose the �eld into independent cardiac and respi-

ratory components. Results are presented for ten patients imaged during spontaneous

tidal breathing. For all patients, the heart translated caudally (mean, 4.9� 1.9 mm)

and rotated in a cranio-dorsal direction (mean, 1.5� � 0.9� ) during inspiration. In eight

patients, the heart also translated anteriorly (mean, 1.3� 1.8 mm) and rotated in a

caudo-dextral direction (mean, 1.2� � 1.3� ).

Anatomic landmarks were used to compare results across patients.Three di-

mensional displacements and velocities were compared, and quiescent periods in the
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respiratory and cardiac cycles were measured. Finally, respiratory motion was an-

alyzed using three linear motion models that correspond to available MR motion

correction techniques: translation, rigid body, and a�ne. Calculations indicate that

a two-to-four fold increase in scan e�ciency is attainable, resulting in reduced scan

times while maintaining image quality.

Advisor: Elliot R. McVeigh, Ph.D.
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Chapter 1

Background

1.1 Coronary Artery Disease

Atherosclerotic coronary artery disease (CAD) is a pathology ofthe arteries that

supply blood to the heart. The development of atherosclerosis is a gradual process

involving deposition of lipids, macrophages, lymphocytes andproliferation of smooth

muscle cells in the artery wall [1]. Plaques may occupy nearly40% of the internal elas-

tic lamina of a coronary before the lumen begins to narrow [2]. Decreased blood 
ow

and oxygenation to downstream tissues may go unnoticed for years, or may present

clinically as angina in more severe cases.Unstableplaques can undergo acute changes,

including the rupture of the plaque's thin �brous cap, causing a thrombosis{mediated

stenosis of the lumen, resulting in a myocardial infarction, or\heart attack" [3]. How-

ever, only 20% of coronary attacks are preceded by long standing angina [4].

CAD is the single largest killer of Americans, responsible for more than �ve hun-

dred thousand deaths in the United States in 1999. Almost one quarter of a million

deaths were caused by a sudden cardiac arrest, and more than halfof the individuals

who died suddenly of CAD were previously asymptomatic [4]. The development of

a non{invasive screening tool for CAD could be valuable. Biochemical characteriza-

tion and earlier detection of unstable plaques could stimulate delivery of stabilization

therapy [5] to reduce future acute coronary events [6, 7]. Moreover, knowledge of the

functional sequelae of identi�ed stenoses could in
uence therapy in a more meaningful

way than pure morphological measurements of the size of coronary stenoses.
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1.2 Clinical Imaging of Atherosclerosis

Di�erent imaging modalities are used to study atheroscleroticdisease, including

x{ray angiography (XA), intravascular ultrasound (IVUS), angioscopy, and ultrafast

computed tomography (CT) [8]. X{ray coronary angiography isthe clinical gold

standard for de�ning coronary anatomy and the degree of lumenal obstruction of

the coronary arteries [9]. High temporal (15{30 frames/second) and spatial (1.0{3.3

line pairs/mm [10]) resolution projection images are acquired as a bolus of iodinated

contrast agent is injected directly into a coronary artery. However, the invasive pro-

cedure has a 0.23% risk of death, myocardial infarct, or stroke[11]. Because XA

images the coronary lumen, only advanced plaques which a�ect the lumen diameter

are detectable.

IVUS is a new approach for visualizing the artery wall with resolution between

100-250� m using a catheter based ultrasound probe. Nissenet al. [12] demonstrated

the ability to separate plaques into three categories: 1) calci�ed tissue; 2) �brosis

or microcalci�cations; and 3) thrombotic or lipid rich tissue. Invasive optical visu-

alization of the arterial wall is called angioscopy. Uchidaet al. [13] demonstrated a

correlation between the color and glistening characteristics of plaques, and the occur-

rence of acute coronary syndromes in a 12 month follow-up period. Plaque surface

disruptions and thrombi can also be directly visualized. These procedures are more

invasive than XA, in that the catheter must be advanced to the site of suspected

plaques. Moreover, coronary blood 
ow must be interrupted forangioscopy.

The recent development of multi-slice (or multi-detector) computed tomography

(MSCT) has spurred interest in CT coronary angiography. Rapidimaging allows a

stack of sub-1 mm slices covering the entire heart to be acquiredduring a breath{hold,

but the temporal resolution is about 125-250 ms. Increasing thetemporal resolution

to reduce motion artifacts requires longer scan times, which will require improved

respiratory motion gating and correction methods. A clinicalstudy of 44 patients

concluded that the sensitivity of MSCT angiography for detecting stenoses� 50% was

78% (39/50 lesions), but that visualization of vessels of less than2 mm in diameters

was limited by the spatial resolution [14]. A similar study obtained sensitivity and
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speci�city values of 82% and 93% (51 lesions with� 50% occlusion) [15]. These

systems also have the ability to quantify the amount of calcium,but the usefulness of

this measurement is still being debated [16, 17, 18, 19]. Ultimately, coronary imaging

with MSCT exposes the patient to contrast and x-ray radiation.Administration of

� blockers or other negative chronotropic drugs may be required to stabilize and

reduce the heart rate for reduction of motion artifacts [14,20].

1.3 Magnetic Resonance Coronary Angiography

Magnetic resonance has the potential to combine the imaging modalities currently

used to study atherosclerosis and provide a complete picture of CAD during a single

non{invasive examination. Magnetic resonance coronary angiography (MRCA) could

be a non{invasive alternative to XA for coronary lumen imaging. In presenting the

state of the art in MRCA, we reference developments in coronarywall imaging which

su�ers from similar technical limitations.

Initial results with cardiac gated 2D imaging during a breath{hold were variable

and unreproducible [21, 22, 23]. These 2D methods are limitedby motion during a

breath{hold [24], inadequate resolution, small signals and low SNR, 
ow artifacts,

and the di�culty of capturing tortuous vessels in the imaging plane, which is compli-

cated by misregistration of neighboring slices due to breath{hold inconsistency [25].

Improved visualization of the lumen and arterial wall, with areduction of 
ow ar-

tifacts, was demonstrated with black blood imaging techniques. Fayad et al. [26]

measured a di�erence in coronary wall thickness between volunteers (0.75� 0.17 mm)

and CAD patients (4.38� 0.71 mm) with breath{hold 2D black blood, fat saturated

images transverse to the axis of the right coronary artery (RCA)and left anterior

descending (LAD). Stuberet al. [27] combined black blood imaging with navigator

echoes [28], fast 1D images used to measure the motion of internal organs, to ac-

quire images during free breathing. The superior{inferior motion of the diaphragm,

as measured by the navigator echo, is used to translate the position of the imaged

slice during the acquisition. Using this technique, Botnaret al. [29] demonstrated

increased vessel wall thickness (1.5� 0.2 versus 1.0� 0.2 mm) and reduced lumen area
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(7.0� 2.3 mm2 versus 9.3� 1.9 mm2) in the proximal RCA of patients with known

CAD. The scan time for acquiring one 2D slice during free breathing was between

4.5{6.8 minutes. These studies also demonstrate the shortcomingsof 2D imaging.

Thick slices (3{5 mm) and an in{plane spatial resolution of between 0.5{1.0 mm can

lead to partial volume e�ects and signal averaging when visualizing sub{millimeter

pathologies. Measurements of lumen area and wall thickness could be distorted by

oblique sectioning of the artery.

Three dimensional (3D) MRCA can provide higher resolution, higher SNR, isotropic

volumetric images. However, imaging times longer than possiblebreath{holding du-

rations require a robust motion compensation strategy. A comparison of di�erent

respiratory suppression techniques concluded that in patients,only free breathing

methods work well [30]. Postet al. showed that navigator echoes placed on the

diaphragm could be used to retrospectively gate a 3D free breathing MRCA [31].

Acquisition of a 256x128x31 matrix with a spatial resolution of 1.2x2.3x2.1 mm,

achieving a coverage of 6.5 cm, required 11 minutes. Sensitivity and speci�city for

detection of � 50% stenoses was 38% and 95%. A similar study by van Geunset al.

achieved sensitivity and speci�city values of 50% and 91% [32].

The current state of MRCA is best represented by the results of a recently pub-

lished seven center clinical trial [33]. A navigator gated 3D MRCA imaging sequence

was chosen for its ease of use and standardization for a large number of patients.

Despite good visualization of the coronary arteries, MRCA could only be used to

reliably identify three{vessel disease. Speci�city and sensitivity for detection of a

focal stenosis of greater than 50% were low, ranging between 53-93% and 52-90%

respectively, depending on the imaged artery. Total scan times were long (mean, 70

minutes) and highly variable (range, 33-145 minutes).

Increases in image resolution and SNR, and reduced imaging timeare required for

MRCA to develop into a clinically usable modality for reliable diagnosis and staging of

focal coronary pathologies. Better motion compensation is one way to reduce imaging

times and obtain these improvements.
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1.4 Motion Correction for MRI

Fourier transform imaging is the most common technique for generating magnetic

resonance (MR) images [34, 35]. As data are acquired, they �ll aFourier space, ork{

space [36], matrix which is then Fourier transformed to obtainthe image. Since each

part of k{space contributes to the reconstruction of the entire image,any incoherence

between (inter{view), or within (intra{view), k{space lines, can lead to blurring and

ghosting artifacts in the images [37, 38]. Fast hardware has provided readout times

of 1-2 ms [39, 40], leaving inter{view physiologic motion as the most common cause

of motion related artifacts.

Di�erent methods, including signal averaging, gating, phase reordering, and ghost

positioning, have been proposed for reduction of artifacts due to periodic motion [41,

42, 43, 44, 45]. Of these di�erent methods, gating can provide the best image quality

and contrast, at the expense of longer imaging times. Data are acquired during short

temporal windows during which the object is assumed to be motionless. This method

allows data for an image to be acquired at the same motion phase during multiple

cycles of the motion; for example, in cardiac imaging, one image can be composed

from the same phase of the cardiac cycle during successive heartbeats. In general, for

a desired image resolution and contrast, there is an inverse relationship between the

temporal width of the data acquisition window, and the total scan duration.

In practice, cardiac [42] and respiratory [41] gating techniques are routinely used

to \freeze" the motion of organs for thoracic imaging. However, when gating both

of these motions concurrently, a low imaging duty cycle leadsto long imaging times.

Physiologic changes over time [46], patient non{complianceand discomfort [24], and

economic factors make the case for shorter imaging times, whichcan be achieved

by increasing the duration of the data acquisition window around the gating signal.

However, this may introduce motion which would degrade imagequality.

Special motion correction techniques can be used to compensate for certain types

of motion. Korin et al. described a post{processing phase correction method for

compensating for in{plane translation of a phantom during theacquisition of an MR

image [47]. Navigator echoes [28], fast one dimensional imagesinterleaved with the
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MR data acquisition, were introduced to quantify motionin vivo, and were used �rst

to retrospectively correct for superior{inferior respiratory motion in the abdomen

based on the motion of the diaphragm [48]. Retrospective correction for through{

plane translation of the imaging slice has been described in [49, 50]. Alternatively,

motion information derived from navigator echos can be applied prospectively to track

the translational motion of slices [51] and volumes [52, 53].

Motion correction for rigid body rotation in a 2D imaging plane was described

by Korin et al. [54]. Fiducial markers were used to quantify motion of the head in

vivo, and correction was applied retrospectively. Combining rotation with translation,

and making the transition to 3D, Derbyshireet al. implemented a real{time system

for prospectively modifying the scan plane and demonstrated the method for human

brain imaging [55]. The use of spherical navigator echoes has been recently presented

for measuring 3D rigid body motionin vivo [56].

Unfortunately, physiologic motion of soft tissues can rarely be described com-

pletely by rigid body transformations. Haacke and Patrick described the e�ect of

spatial scaling onk{space, and proposed a linear expansion correction method [43].

They demonstrated improvement of abdominal imaging during free breathing by mon-

itoring the movement of the abdominal wall, and by changing the imaging gradients

prospectively to compensate for anterior{posterior expansionand compression of the

abdomen. Atalar and Onural extended this concept, and presented a retrospective

correction method for removing artifacts caused by 2D in{plane translation and scal-

ing [57].

Motion correction techniques with more degrees of freedom need to be explored.

By increasing the amount of physiologic motion that is correctable, the imaging duty

cycle would be increased, and the total imaging time reduced.
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1.5 Respiratory Motion of the Heart

The motion of the heart due to respiration is not understood well. More than

30 years ago, Dougherty studied the e�ects of respiration on the electrocardiogram,

and noted that Einthoven had concluded in 1913 that the heartundergoes anatomic

rotation in the frontal plane with respiration [58, 59]. Motivated by the development

of computer tomography and its potential uses for thoracic imaging, Bogren pro-

vided the �rst quantitative study of the respiratory motion of t he heart from x{ray

cineangiograms [60]. He observed that the superior{inferior (SI) motion at the valve

planes was approximately half as much as the SI motion of the diaphragm, which

averaged 15 mm (range=10-19mm) during normal respiration. The existence of an

anatomic rotation of the heart during respiration was substantiated using contours of

the cardiac silhouette, and from heterogeneous measurementsof displacement along

the length of the right coronary artery (RCA) in a projection image.

Nearly twenty years later, and driven by respiratory limitations in cardiac MR

imaging, the problem resurfaced. Wang used 2D MR images at multiple breath{

hold levels to conclude that the primary motion of the heart was translation in the

superior{inferior (SI) direction, and that SI motion of the heart at the level of the

coronary ostia was between 0.6{0.7 times the SI displacement of the diaphragm [61].

Another report of 12 volunteers using real{time 2D MR imaging during free breathing

validated this mean ratio, but reported high variability both between subjects and

within each individual [62]. However, these studies were limited by the study of in{

plane motion only. Additionally, the landmark seen in a given imaging plane is not

guaranteed to be the same material point observed in the plane at a later time due

to through{plane motion.

A 3D rigid body analysis of the motion of the heart was presentedby McLeish [63].

Three dimensional MR datasets of the whole heart were obtainedat multiple breath{

hold levels, and registered using an image intensity method. Rotations and transla-

tions were reported between maximum expiratory and inspiratory positions for nine

patients and eight volunteers, and additional local deformations were studied. The

use of a 6 mm imaging slice thickness, and breath{hold imaging limits the use of this
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method for studying the free breathing motion of the coronaryarteries. A 180 ms

temporal resolution is insu�cient for isolating the e�ects of cardiac motion from the

respiratory analysis.

Manke studied the motion of the coronary arteries by reconstructing 3D slabs

at three respiratory phases during a free breathing MR acquisition [64]. Template

matching of 3D volumes was used to register the LAD and RCA between the end{

expiratory images, and the two inspiratory datasets. Limitations of this study include

the use of a small number of landmarks for registration, a small number of respiratory

samples, and a 3 mm slice resolution. The acquisition of each 3D volume was acquired

over multiple breaths, introducing the possibility of temporal averaging, or low pass

�ltering of the true motion.

Since MR cannot yet provide high spatial and temporal resolution images of the

coronary arteries, measuring their motion and deformation with this imaging modality

is of limited utility. It would be more informative to study th e coronary arteries using

x{ray angiography, a high spatial and temporal resolution modality.
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1.6 Speci�c Aims

Magnetic resonance coronary imaging could be improved with more accurate modeling

and compensation of respiratory motion. A high spatial resolution description of the

respiratory motion of large segments of coronary trees has notyet been presented.

The most signi�cant limitation has been the lack of a suitable method for recovering

the 3D motion and deformation of the coronary arteriesin vivo.

The goal of this work is to study the respiratory motion of the heart, and to use

this information to develop strategies for improving MRCA. The following speci�c

aims were completed:

1. Describe a motion correction technique which compensates for a 3D a�ne trans-

formation of the imaging volume during an MR acquisition.

2. Develop an automatic method for quantifying the motion and deformation of

the coronary arteries using standard biplane X-ray cineangiograms.

3. Quantify the e�ects of tidal respiration on the orientation and shape of the

coronary tree.

4. Identify optimal MRCA imaging strategies, using measured respiratory motion

models and available MR motion correction techniques.

This work addresses the following hypotheses:

1. The in vivo motion and deformation of the coronary arteries can be recovered

from high temporal and spatial resolution biplane x{ray cineangiograms.

2. Rotational motion and respiratory induced deformation ofthe coronary arteries

render translation{only respiratory motion models of the heart inadequate for

applications requiring accuracy comparable to the vessel diameters.

3. The motion and deformation of the coronary arteries during portions of the res-

piratory cycle are well modeled by a 3D a�ne transformation, and are therefore

suited for targeted motion correction strategies during freebreathing MRCA.


