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Summary 
 

Coronary artery disease is the leading cause of death in Europe and the United States 

and can be considered as a serious health problem worldwide. Gold standard for the 

identification of coronary artery disease actually is invasive x-ray angiography, despite 

major drawbacks such as exposure to ionizing radiation or potential risk of infection or 

death. Furthermore, in about one third of all catheterizations no significant coronary 

disease is diagnosed. 

In the recent past, magnetic resonance angiography (MRA) has been successfully 

applied as a non-invasive imaging modality for the visualization of the coronary arteries 

and potential coronary artery disease. However, image quality is currently hampered by 

certain limitations and has not reached sufficient quality for widespread diagnostic 

application yet and coronary MRA remains a difficult and challenging task. 

The magnetic resonance (MR) data required to cover the coronary artery trees can not 

be measured instantaneously within a fraction of one heart beat. Therefore, the data 

acquisition is split to multiple heart beats, which makes imaging very sensitive to 

cardiac and respiratory motion. While triggering by an electrocardiogram (ECG) is used 

to synchronize imaging with intrinsic cardiac contraction, extrinsic heart motion 

induced by respiration is more difficult to compensate for. For existing techniques, 

which allow imaging while the patient is breathing freely, usually the diaphragmatic 

displacement with respect to its end-expiratory level is measured. Based on the 

information of this so called respiratory navigator signal, the location of the actual 

measurement volume covering the heart is corrected in real-time and only data sampled 

during relatively small deviation from end-expiratory diaphragmatic position is 

accepted for image reconstruction. As a consequence, scan time is prolonged dependent 

on the breathing-pattern of the patient. 

Together with effective motion compensation, it is crucial that the coronaries display 

with sufficient signal and high image contrast when compared to the surrounding 

myocardial tissue. Beside MR preparation pulses, which saturate the magnetization of 

the myocardial muscle, the application of special MR contrast agents would be of great 

interest. Since the acquisition of an entire data set requires several minutes of scan time, 

contrast-enhanced coronary MRA can not be restricted to the initial arterial bolus phase 

of the contrast agent, as it is performed in conventional first-pass angiography with 

extracellular contrast agent. Therefore, intravascular contrast agents with a prolonged 

half life period in blood and reduced leakage into the interstitial compartments are 

currently under development. 

The aim of the present thesis was to address current limitations of coronary MRA and to 

present new methods which enable for high resolution imaging with improved motion 

compensation and optimized contrast. 
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To investigate motion related phenomena in coronary MRA a low-cost MR compatible 

moving heart phantom was developed. Periodic translation of the phantom head with a 

superimposed rotation allows detailed investigation of motion-related artifacts as they 

might occur in cardiac scans. It further supported the development of a 3D phase 

reordered acquisition scheme for improved image quality and reduced scan time in free-

breathing coronary MRA. The reordering scheme combined with prospective RF 

excitation angle weighting was shown to minimize bulk motion artifacts successfully, 

while measurement time was considerably reduced. Motion related investigations are 

also required for the combination of respiratory navigator technology with a steady-state 

free-precession (SSFP) technique for coronary angiography. SSFP techniques are 

characterized by high signal-to-noise (SNR) and contrast-to-noise (CNR) ratio, and 

might therefore be of great interest for the visualization of the coronary arteries. 

To account for long scan times in 3D coronary MRA performed during free-breathing, 

data acquisition was combined with a parallel imaging technique. The loss of SNR, 

resulting from the parallel imaging, can be addressed if imaging is performed at a higher 

static magnetic field of 3 Tesla, yielding better SNR conditions. The combination of the 

two techniques allows a two-fold scan time reduction with image quality comparable to 

standard acquisitions. If both left and right coronary systems are imaged, a reduction of 

scan time by a factor of two can alternatively be achieved by the simultaneous 

acquisition of two independant 3D imaging stacks, covering both coronary artery 

segments. Herewith, applying parallel imaging at 3 Tesla enables to shorten the 

acquisition duration of each 3D stack and hence minimizes intrinsic and extrinsic 

cardiac motion artifacts. 

An additional source of signal and contrast became accessible by the application of a 

new gadolinium based intravascular contrast agent, supporting the visualization of the 

coronary artery lumen. To fully benefit however, imaging methodology for coronary 

MRA had to be optimized to the characteristics of the contrast agent. Results from a 

phase I study with the new agent showed excellent image quality and first experiences 

in patients with coronary artery disease regarding the visualization and quantification of 

stenosis are encouraging. Further improvement in image quality might be achieved by 

integration of the contrast agent first-pass into data acquisition. A potential approach 

combining free-breathing and breath-holding coronary MRA has been validated with 

respect to its applicability in vivo, yet without contrast agent. 

In conclusion, the presented methods contribute to a better visualization of the coronary 

arteries in scans performed during free-breathing and with real time motion correction. 

Successful applications in healthy volunteers and in patients with coronary artery 

disease indicate the potential value of coronary MRA for clinical diagnoses and 

emphasize the importance of continuing research. 
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Zusammenfassung 
 

Koronare Herzgefässerkrankungen sind die häufigste Todesursache in Europa und den 

Vereinigten Staaten und gelten weltweit als ernstzunehmendes Gesundheitsproblem. 

Goldstandard für die Identifikation von arteriellen Erkrankungen der 

Herzkranzgefässe ist die invasive Herzkatheteruntersuchung mittels 

Röntgenverfahren, dies trotz gewichtiger Nachteile wie Exposition gegenüber 

ionisierender Strahlung oder der Gefahr von Infektionen oder tödlichen 

Komplikationen. Hinzu kommt, dass rund ein Drittel aller Katheteruntersuchungen 

den Verdacht auf signifikante Herzgefässerkrankung nicht bestätigen. 

In jüngster Vergangenheit wurde die Magnetresonanzangiographie (MRA) erfolgreich 

als nicht invasives Bildgebungsverfahren zur Darstellung der Herzkranzarterien und 

potentiellen Gefässerkrankungen eingesetzt. Limitationen in der Bildqualität 

verhindern aber nach wie vor umfassende diagnostische Anwendungen. Insofern stellt 

die koronare MRA immer noch eine schwierige, herausfordernde Aufgabe dar. 

Die Magnetresonanz (MR)-Daten, welche für die Erfassung des gesamten koronaren 

Gefässbaumes gemessen werden müssen, lassen sich nicht augenblicklich während 

Bruchteilen eines Herzschlages aufnehmen. Deshalb wird die Datenakquisition auf 

mehrere Herzschläge aufgeteilt, wodurch die Messung allerdings empfindlich auf 

Herzkontraktion und Atembewegung wird. Während die Messung mit Hilfe eines 

Echokardiogramms erfolgreich mit der intrinsischen Herzbewegung synchronisiert 

werden kann, erweist sich die extrinsische Atembewegung als schwieriger zu 

kompensieren. Gegenwärtige Methoden, welche Bildaufnahmen während freier 

Atmung des Patienten erlauben, messen üblicherweise die Abweichung des 

Zwerchfells bezüglich endexpiratorischer Atemlage. Basierend auf der Information 

dieses sogenannten MR-Navigators wird die aktuelle Messschicht, welche den 

interessierenden Herzbereich abdeckt, in Echtzeit zur Atembewegung mitgeführt. 

Dabei werden nur jene Daten von der Bildrekonstruktion berücksichtigt, welche 

während geringer Abweichung von endexpiratorischer Lage aufgenommen wurden. 

Als Folge davon wird die gesamte Messzeit in Abhängigkeit des 

Patientenatemmusters verlängert. 

Zusammen mit wirksamer Bewegungskorrektur ist es von grosser Bedeutung, dass die 

Koronararterien mit heller Signalintensität und gutem Bildkontrast bezüglich 

umliegendem Myokardgewebe abgebildet werden können. Nebst MR 

Präparationspulsen, welche die Magnetisierung des Herzmuskels sättigen, sind 

spezielle MR Kontrastmittel ebenfalls von grösstem Interesse. Da die Akquisition 

eines einzelnen Datensatzes zur Abbildung der Herzarterien mehrere Minuten 

Messzeit beansprucht, kann die Aufnahme unter Kontrastmittelverstärkung nicht auf 

die arterielle Bolusphase des Kontrastmittels beschränkt werden, wie in 
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konventioneller sogenannter 'First-Pass'-Angiographie mittels extrazellulären 

Kontrastmitteln. Zur Zeit sind deshalb Entwicklungen von intravaskulären Mitteln im 

Gange, welche sich durch eine verlängerte Halbwertszeit im Blut und ein 

vermindertes Eindringen in interstitielle Kompartimente auszeichnen. 

Ziel der vorliegenden Arbeit war es, gegenwärtigen Limitationen der koronaren MRA 

aufzuzeigen und neue Methoden zu präsentieren, welche hochaufgelöste Abbildungen 

mit verbesserter Bewegungskompensation und verstärktem Bildkontrast ermöglichen. 

Zur Untersuchung bewegungsverwandter Phänomene in der koronaren MRA wurde 

ein kostengünstiges, MR kompatibles Bewegungsphantom entworfen. Die 

periodische, translatorisch-rotatorische Bewegung des Phantoms erlaubt eine 

detaillierte Untersuchung der bei Herzmessung auftretenden Bewegungsartefakte. 

Unterstützend eingesetzt wurde das Phantom zur Entwicklung eines 

Akquisitionsschemas, welches die Phasenkodierschritte der Messsequenz in Echtzeit 

umordnet. Zusammen mit einer prospektiven Gewichtung der anregenden 

Radiofrequenzpulse konnte die Methode erfolgreich Bewegungsartefakte minimieren 

und die Messzeit erheblich reduzieren. Untersuchungen im Bezug auf Bewegung sind 

ebenfalls für eine Kombination von MR-Navigator Technologie mit der sogenannten 

'Steady-State Free-Precession' (SSFP)-Technik notwendig. Die SSFP-Technik 

zeichnet sich durch ein hohes Signal-zu-Rausch (SNR) und Kontrast-zu-Rausch 

(CNR) Verhältnis aus und dürfte deshalb auch für die MR Koronarangiographie von 

Interesse sein. 

Zur Reduktion langer Messzeiten in 3D koronarer MRA, aufgenommen während 

freiem Atmen, wurde die Akquisition mit paralleler Bildgebung verknüpft. Dem von 

der parallelen Bildgebung herrührenden SNR Verlust kann mittels Messung bei 

höheren Feldstärken entgegengewirkt werden, bei welchen sich verbesserte SNR 

Bedingungen ergeben. Die Kombination der beiden Techniken erlaubt eine um Faktor 

zwei kürzere Messzeit mit vergleichbarer Bildqualität wie bei Standardaufnahmen 

ohne parallele Bildgebung. Werden sowohl linke als auch rechte Herzkranzgefässe 

abgebildet, so lässt sich eine Messzeitreduktion ebenfalls durch simultane Akquisition 

zweier unabhängiger 3D Messstapel erzielen, welche die beiden Gefässsegmente 

abdecken. Parallele Bildgebung bei 3 Tesla ermöglicht dabei, die Akquisitionsdauer 

eines jeden 3D Stapels zu verkürzen sowie intrinsische und extrinsische 

Herzbewegungsartefakte zu minimieren. 

Eine zusätzliche Signal- und Kontrastquelle wurde durch Anwendung eines neuen 

gadoliniumbasierten, intravaskulären Kontrastmittels zugänglich, welches die 

Visualisierung der Herzarterienlumen unterstützt. Das MR-Abbildungsverfahren 

wurde dazu auf die Charakteristik des Kontrastmittels abgestimmt. Resultate einer 

Phase I Studie zeigen exzellente Bildqualität und erste Erfahrungen in Patienten mit 

koronaren Arterienerkrankungen erweisen sich vielversprechend bezüglich Abbildung 

und Quantifizierung von Stenosen. Eine zusätzlich Verbesserung der Bildqualität in 

kontrastmittelverstärkter Koronarangiographie kann möglicherweise durch 
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Ausdehnung der Datenakquisition auf die erste Durchflussphase des Kontrastmittels 

erzielt werden. Ein möglicher Ansatz, welcher die Messung bei freiem Atmen mit 

einer Atemanhaltephase kombiniert, wurde hinsichtlich Durchführbarkeit invivo 

validiert, vorerst aber ohne Kontrastmittelgabe. 

Die vorgestellten Methoden tragen zur besseren Abbildung der koronaren 

Herzarterien bei, wobei die Messungen während freier Atmung und mit 

Bewegungskorrektur in Echtzeit durchgeführt wurden. Erfolgreiche Anwendungen in 

gesunden Probanden wie auch in Patienten mit einer koronaren Herzgefässerkrankung 

weisen auf den potentiellen Wert der koronaren MRA für die klinische Diagnose hin 

und verdeutlichen die Wichtigkeit weiterführender Forschungsarbeiten. 
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Introduction 

Current status 

Invasive x-ray coronary angiography today is the gold standard for the identification 

of coronary artery disease. The examination requires an invasive intervention with 

catheterization during exposure to potentially harmful ionizing radiation and with the 

risk of severe complications. In addition, in numerous performed examinations no 

indication of any significant coronary stenosis (defined as a vessel lumen reduction by 

50%) is present. Therefore, a noninvasive diagnostic imaging modality, which enables 

the visualization of the coronary vessels, would be of great clinical value. 

Echocardiography, computerized tomography and magnetic resonance (MR) imaging 

are considered to be the main competitors for this task. While acoustic access to the 

heart is difficult and signal penetration limited for echocardiography, computer 

tomography uses ionizing radiation and requires administration of iodinated 

intravenous contrast agent. Magnetic resonance angiography (MRA) as a noninvasive 

imaging technique with excellent soft tissue contrast might therefore become an 

important alternative for high resolution imaging of the coronary arteries. 

In the late 1980s the first reports on the visualization of the aortic root and proximal 

coronary arteries in patients undergoing coronary MR imaging were presented (1, 2). 

While these studies were performed electrocardiographically gated (ECG) to 

compensate for bulk cardiac motion, control over respiratory motion was not possible. 

This became available with the application of a segmented k-space gradient echo 

imaging technique, which enabled to perform two-dimensional (2D) data acquisition 

during a single breath-hold of 15-20 seconds (3). Despite promising preliminary 

patient studies, the technique suffered from the major drawback that the tortuous 

three-dimensional (3D) anatomy of the coronary arteries had to be imaged with a 2D 

acquisition method. When compared to 2D data acquisition, 3D techniques offer the 

advantages of superior signal-to-noise ratio (SNR), the ability to measure thin 

adjacent slices and to reconstruct arbitrary view of the 3D data set. However, as a 

consequence of the increased amount of data, the acquisition had to be split into 

multiple breath-holds (4) or performed with respiratory navigator gating (5) and 

optional real-time correction (6, 7) during free-breathing. Whereas multiple breath-

holds require good patient collaboration and impose the problem of reproducibility of 

the breath-hold level, free-breathing acquisitions with MR navigators prolong scan 

times by remeasuring data sampled during too large respiratory motion. Enlarging the 

navigator window increases the ratio between accepted and rejected breathing 

positions and hence reduces scan time, but at the same time raises image degradation 

due to respiratory bulk motion. 
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However, motion compensation remains not the only limitation of current coronary 

MRA. To become a serious competitor to interventional x-ray angiography, images 

visualizing the coronary arteries at high signal intensity and with good contrast 

between arterial blood and surrounding myocardial muscle are demanded. Applying 

different MR sequences or performing imaging at high magnetic field strength with 

superior intrinsic SNR, are potential solutions to overcome this limitation. Promising 

might further be the application of new contrast agents (8-11). Intravascular contrast 

agents with a prolonged half-life period in blood and reduced leakage into the 

interstitial compartments may provide a sufficiently long time window for the 

acquisition of a 3D data set during free-breathing. 

Objectives 

The aim the present work was to improve acquisition methods, addressing current 

limitations in coronary MRA. 

To minimize respiratory motion artifacts and reduce scan time in navigator-gated 

imaging during free-breathing, a new acquisition reordering scheme is proposed. 

Special considerations to avoid respiratory motion artifacts are further required, if MR 

navigators are applied for cardiac imaging during steady-state transverse 

magnetization. Performing coronary MRA in combination with parallel imaging at a 

higher magnetic field of 3Tesla is evaluated for the purpose of reducing long scan 

times and/or minimizing respiratory and bulk cardiac motion artifacts. 

The potential benefit of image quality in exogenous contrast-enhanced coronary MRA 

is explored by the application of a new gadolinium based intravascular contrast agent. 

Therefore, an optimization of the imaging sequence to the characteristics of the 

contrast agent is required. Additionally, data acquisition modifications aim to 

incorporate data sampling during the first-pass of the contrast agent. 

Outline 

Developments presented in chapter 1 focus on the major problem of respiratory 

motion during data acquisition in coronary MRA performed during free-breathing and 

with real-time motion correction (12) using MR navigators . First, a low-cost MR 

compatible moving heart phantom is presented which allows the investigation of 

motion related phenomena. Second, a phase reordered data acquisition scheme is 

proposed to successfully minimize motion artifacts. In a third subpart, physical 

considerations and technical solutions concerning real-time motion correction in 

coronary MRA during steady-state free-precession acquisition are explained. 

Chapter 2 concentrates on new developments for a reduction of scan times in current 

coronary MRA. In the first subchapter parallel imaging was applied to speed up 

acquisition by a factor of two, while preserving image quality. Subchapter 2 

demonstrates, that parallel imaging can further be applied to improve the quality of 
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vessel definition in coronary MRA accelerated by the simultaneous acquisition of 

multiple 3D stacks (13). 

In chapter 3, the potential benefit of diagnostic information by the application of a 

new intravascular contrast agent is demonstrated. Beside methodological 

developments a phase I study performed in healthy volunteers and first promising 

results obtained in patients with coronary artery disease are presented. In the final part 

of chapter 3, an additional sequence modification is described which might enable for 

contrast agent enhanced imaging including the first-pass of the contrast agent bolus. 
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Chapter 1  
 
Improved Respiratory Motion Compensation 

1.1 Moving Heart Phantom 

Published as: 

Low-cost MR-compatible moving heart phantom. 

Huber ME, Stuber M, Botnar RM, Boesiger P, Manning WJ. 

J Cardiovasc Magn Reson 2000;2:181-7. 

Abstract 

For the development and evaluation of cardiac magnetic resonance (MR) imaging 

sequences and methodologies, the availability of a periodically moving phantom to 

model respiratory and cardiac motion would be of substantial benefit. Given the 

specific physical boundary conditions in an MR environment, the choice of materials 

and power source of such phantoms is heavily restricted. 

Sophisticated commercial solutions are available, however, they are often relatively 

costly and user specific modifications may not easily be implemented. We therefore 

sought to construct a low-cost MR compatible motion phantom, which could easily be 

reproduced and which easily allows for design flexibility. 

A commercially available K’NEX construction set (Hyper Space Training Tower, 

K’NEX Industries, Inc., Hatfield, PA) was utilized to construct a periodically moving 

phantom head. The phantom head performs a translation with a superimposed 

rotation, driven by a motor over a 2m rigid rod. To synchronize the MR data 

acquisition with phantom motion (without introducing RF related image artifacts), a 

fiber optic control unit generates periodic trigger pulses synchronized to the phantom 

motion. Total material costs of the phantom are US$ < 200.00 and a total of 80 man 

hours were required to design and construct the original phantom. With schematics of 

the present solution, the phantom reproduction may be achieved in approximately 15 

man-hours.  

The presented MR compatible periodically moving phantom can easily be reproduced 

and user specific modifications may be implemented. Such an approach allows for a 

detailed investigation of motion related phenomena in MR images. 
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Introduction 

For the development of cardiac specific magnetic resonance (MR) imaging 

techniques, MR compatible moving phantoms are often of great value. (1-8) 

Periodically moving phantoms allow for the investigation of motion specific 

phenomena related to MR image acquisition. They have specifically proven to be 

highly valuable in the development and refinement of free-breathing coronary 

magnetic resonance angiography (MRA) sequences. (2, 3) 

Unfortunately, due to the specific physical boundary conditions of the MR 

environment and the susceptibility of MR imaging to material or RF-related artifacts, 

the choice of phantom materials and driving units is heavily restricted. As a 

consequence, access to such phantoms may be limited and moving phantoms are not 

widely available in cardiac MR research centers. 

While sophisticated commercial solutions are available, they are relatively expensive 

and user specified modifications may not be easily implemented. Due to these 

mentioned restrictions, we sought to build a periodically moving MR compatible 

phantom at low cost, while allowing for maximal flexibility. The result may easily be 

reproduced or further developed by others interested in the field. 

Methods 

Requirements 

For motion experiments in cardiac MR, a phantom with periodic motion patterns is 

needed. To synchronize data acquisition with phantom motion, a trigger pulse related 

to the periodic phantom motion and similar to the heart beat is necessary. All utilized 

materials, including driving units and electrocardiographic (ECG) electronics need to 

be MR compatible and must also not adversely interfere with MR data acquisition. 

Finally the solution needs to be flexible/easily modifiable and relatively inexpensive. 

Preferably the flexibility should not require the use of sophisticated tools, specialized 

facilities or machinery. 

Solution 

Considering these requirements we used a retail K’NEX construction set (Hyper 

Space Training Tower, K’NEX Industries, Inc. Hatfield, PA) to build such a phantom. 

K’NEX are standardized plastic components which are readily available at retail toy 

vendors in the United States and around the world. The basic components consist of 

simple plastic elements (8 rods of varying lengths and 10 different connectors) as well 

as more sophisticated options such as gears and wheels. Thus, K’NEX allows for a 

flexible design of moving structures. All of the basic components are MR compatible. 

The present solution includes a periodically moving phantom head (Figure 1.1, Figure 

1.2). The motion of this head consists of a translation (foot head direction) which 
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optionally can be superimposed by a rotational (around anterior posterior axis) 

component (Figure 1.1D, Figure 1.2). The entire phantom is driven by a single 

K’NEX DC-motor (12 Volt) over a 2m long semi-rigid rod composed of a series of 

linkages (Figure 1.1A, Figure 1.1C, Figure 1.2) and it is designed to carry multiple 

user defined samples of MR visible material (Figure 1.1D). As samples, small 

containers (diameter = 30 mm) each filled with gelatin (Jell-O, Kraftsfood, Inc. Rye 

Brook, NY) and a tube (diameter = 3 mm) filled with corn oil (Mazola, CPC 

International, Inc. Englewood Cliffs, NJ) were used. An additional Jell-O container is 

attached to the trolley of the phantom head (Figure 1.1D, Figure 1.2) which may 

provide an interface for an MR navigator echo. 

Figure 1.1: Moving Phantom K’NEXercise Swiss1: phantom head (C & D) with MR 

visible samples (D), DC-motor and ECG control circuit (A & C), gearwheel 

transforming the rotation of the rigid rod into a translation of the phantom head 

(B). The entire construction is mounted on a flat wooden board. 
 

For the synchronization of the MR data acquisition with the motion of the phantom 

head, a versatile fiber optic connection set (HFBR-0501, Hewlett Packard, Palo Alto, 

CA) was used (Figure 1.1B, Figure 1.2, Figure 1.3). A laser beam (660 nm, -23 dBm) 

transmitted over a plastic fiber is periodically interrupted by the translational motion 

(foot head or B0 direction) of the phantom head (Figure 1.2). This signal is 

transformed into a transistor-transistor logic (TTL) pulse on the receiver side of the 

electronic unit, which is galvanically separated from the transmitter part (Figure 1.3). 
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The transmitter is supplied by a 5 V transformer. The receiver is powered by three 

1.5 V batteries connected in series. The generated TTL pulse is connected to the ECG 

interface of the scanner. 
 

 
Figure 1.2: Schematic of the moving phantom (top view): gearwheel (G1,G2), 2 m 

long semi-rigid rod, composed of linkages of K’NEX parts (SR), disk with hole for 

optical pulse (D), fiber optical link (F), transmitter (T), receiver (R), TTL output 

for ECG interface (ECG), link (L), transforms the rotation of G2 into a 

translation. Four containers (C) filled with MR visible material are on the 

rotational moving head. An additional MR visible sample is attached to the trolley 

as interface for an MR navigator echo (N). On the head of the phantom, the 

motion pattern can be adjusted: a) translation, b) combination of translation and 

rotation. The moving phantom can either be used with its self generated trigger 

pulse (mode A) or with an external independent ECG pulse (mode B). 
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Figure 1.3: Control circuit schematic for fiber optic pulse transmission. 

Transmitter (T): 5V power supply (VCC) by transformer. R1=20Ω resistance. 

Receiver (R): 5V power supply (VCC) by battery, R2=100Ω resistance, 

R3=4.7kΩ resistance, C1=100F capacitor, C2=0.33F capacitor. TTL output 

signal (VSignal) is directly fed into the MR scanner ECG interface. Note: 

Transmitter is galvanically separated from the TTL output signal. 
 

MR Phantom Studies 

To test the developed solution, three different experiments were performed on a 1.5-T 

Gyroscan ACS-NT (Philips Medical Systems, Best, NL) commercial scanner. First, a 

multiple heart phase imaging sequence (2D multi slice segmented echo planar 

imaging (EPI) sequence, EPI factor 7, 320 mm FOV, 256 × 256 image matrix, 10 mm 

slice thickness, flip angle 30°, 20 heart phases with 100 ms intervals, TR 7 ms, TE 

2.4 ms) was performed, using the trigger generated by the phantom (Figure 1.2 mode 

A). The four phantom head containers were loaded with Jell-O. A navigator gated 

scan of the motion phantom with an external trigger (Figure 1.2 mode B) (2D TFE, 

300 mm FOV, flip angle 25°, trigger frequency 185 min-1, TR 7 ms, TE 2.4 ms) was 

used to monitor the periodical translational component of the moving phantom head. 

To examine the utility of navigator gating at the phantom head, a navigator gated scan 

(2D TFE, 300 mm FOV, 256×256 image matrix, 4 mm slice thickness, flip angle 35°, 

2 mm gating window, TR 10.6 ms, TE 2.9 ms) was then compared to a non gated scan 

using the same sequence. Finally, to verify the MR compatibility of the present 

solution, two measurements of a static bottle phantom with and without running DC-

motor were compared. 

Results 

The images of the multi heart phase scan demonstrate the translational and rotational 

movement of the phantom head (Figure 1.4). Using the ECG trigger produced by the 

phantom (Figure 1.2 mode A) we have a direct relation between the simulated heart 

beat and the motion of the phantom head, representing the displacement of the 

diaphragm. 
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Figure 1.4: Motion phantom used in combination with its ECG (Figure 1.2 mode 

A): A multiple heart phase scan of the phantom head visualizes its translation 

and the superimposed rotation. The maximal rotation is 35 degrees (Td 1.7 s). 
 

Phantom experiments using the navigator demonstrate the periodic motion of the 

phantom head (Figure 1.5) in a manner analogous to the diaphragm with regular 

respiration. The cycle length of the phantom head is approximately 3.5s (respiratory 

rate @ 17/min) and the translational amplitude is 21 mm. The angle of the 

superimposed head rotation is 35 degrees (Figure 1.4). 
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Figure 1.5: Navigator echo positional data regarding the translational motion of 

the phantom head trolley, analogous to diaphragmatic motion. The cycle length 

is 3.5 sec (17 min-1). 
 

By applying an external ECG trigger (Figure 1.2 mode B), the trigger pulse (ECG) 

and navigator echo (respiration) can be decoupled which allows to use the motion 

phantom for experiments with navigator gated, ECG-triggered sequences (Figure 1.6). 

In the absence of navigator gating (Figure 1.6A), data acquisition is only 

synchronized to the external trigger, but not to the position of the phantom head. In 

the navigator gated scan, the trigger pulse allows data acquisition if the measured 

navigator echo (reflecting the position of the moving head) is within the predefined 

2 mm gating window (Figure 1.6B). 
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A) B)

 
Figure 1.6:  Image comparison of phantom head with 4 containers filled with 

Jell-O and a small tube filled with corn oil using an external ECG trigger 

 (Figure 1.2 mode B). (A) Scan with ECG but without navigator gating. (B) 

Combined ECG and navigator gated scan, using a 2 mm acceptance window. 
 

All measurements with the moving phantom yielded neither DC-motor related 

artifacts in the images nor artifacts induced by the fiber optic control unit (Figure 1.7). 
 

 

A) B)

C) D)

 
Figure 1.7: k-Space yields no artifacts related to the DC-motor.Image (A) and 

k-space (B) of a circular phantom. DC-motor “off”. Image (C) and k-space (D) 

with DC-motor “on”. 
 

Total retail material costs of the phantom are US$ < 200.00, and a total of 80 man-

hours were required to design and construct the phantom. With schematics presented 

of the solution, a reproduction of the moving phantom may be achieved in 15 man-

hours. 
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Discussion 

In this study we report on a low-cost, flexible/easily modifiable MR compatible 

moving phantom, which allows for detailed investigations of motion phenomena as 

might be anticipated with respiratory and cardiac motion. This includes intrinsic 

cardiac motion related to a cardiac contraction and extrinsic bulk motion due to 

respiration/diaphragmatic motion. The present solution may easily be reproduced or 

further modified/adapted at minimal expense and inconvenience. The utilized 

materials are fully MR compatible and no artifacts in the images are introduced by the 

DC-motor or the optical ECG unit.  

The phantom can either be used in combination with navigator gated or/and ECG-

triggered sequences which makes it valuable for navigator gated sequences as well as 

for real time applications. The motion of the phantom consists of a translation and an 

optional rotation. With the help of a computer controlled step motor, the range of 

possible motion patterns could be further extended. A potentially desirable extension 

of the present solution may include the addition of motion in the third dimension. 

Loading the phantom head with multiple MR visible samples of varying diameters 

may facilitate the assessment of motion or motion compensating techniques. Spatial 

resolution of small vessels such as i.e. coronaries in an MRA may also be studied.  

A limitation of the current phantom description is the fixed relation between the 

translation (breathing) of the phantom trolley and its superimposed rotation (cardiac 

motion). For a more varied modeling of respiratory motion and independent cardiac 

contraction, an additional driving unit could be implemented which independently 

moves the entire phantom construction back and forth (translation), thereby 

simulating the extrinsic motion of the breathing. This translation would simulate the 

extrinsic motion of normal respiration. This extrinsic translational motion could also 

be simulated by applying the breathing pattern to the patient table of the scanner. 

Access to such a low-cost, flexible moving phantom should allow for improved 

development of MR methods and approaches for motion compensation. 
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1.2 3D k-Space Reordering 

Published as: 

Motion artifact reduction and vessel enhancement for free-breathing navigator-
gated coronary MRA using 3D k-space reordering. 
Huber ME, Hengesbach D, Botnar RM, Kissinger KV, Boesiger P, Manning WJ, 

Stuber M. 

Magn Reson Med 2001;45:645-52. 
 

Abstract 

Breathing induced bulk motion of the myocardium during data acquisition may cause 

severe image artifacts in coronary magnetic resonance angiography (MRA). Current 

motion compensation strategies include breath-holding or free-breathing MR 

navigator gating and tracking techniques. Navigator based techniques have been 

further refined by the applications of sophisticated 2D k-space reordering techniques. 

A further improvement in image quality and a reduction of relative scanning duration 

may be expected from a 3D k-space reordering scheme. Therefore a 3D k-space 

reordered acquisition scheme including a 3D navigator gated and corrected segmented 

k-space gradient echo imaging sequence for coronary MRA was implemented. 

This new Zonal Motion-adapted Acquisition and Reordering Technique (ZMART) 

was developed on the basis of a numerical simulation of the Bloch Equations. The 

technique was implemented on a commercial 1.5T MR system and first phantom and 

in vivo experiments were performed. 

Consistent with the results of the theoretical findings, the results obtained in the 

phantom studies demonstrate a significant reduction of motion artifacts when 

compared to conventional (non-k-space reordered) gating techniques. Preliminary in 

vivo findings also compare favorably with the phantom experiments and theoretical 

considerations. 
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Introduction 

Coronary MR angiography (MRA) image quality is heavily dependent on suppression 

of breathing related motion artifacts. The adverse impact of breathing induced 

myocardial bulk motion can be minimized by the use of breath-holding (1-5) or by the 

application of respiratory gating with MR navigators (6-12). Further refinements in 

navigator technology have included prospective adaptive motion correction (9, 10) in 

conjunction with navigator displacement dependent 2D reordering of the acquired ky-

profiles in k-space (13, 14).  

K-space reordering techniques take advantage of the inhomogeneous signal 

distribution in k-space with highest signal amplitudes in the origin of k-space and 

gradually decreasing information content in the periphery of k-space (15). However, 

high frequency portions of k-space may still contain information relevant to small 

diameter structures, such as the coronary arteries. Based on this a priori knowledge, 

the priority of lines in k-space can be defined by a problem specific priority function. 

One such application among other techniques (6, 13, 14, 16) is Motion Adapted 

Gating (MAG) for navigator displacement dependent reordering of ky-profiles in k-

space (13). With MAG e.g. ‘important’ profiles are acquired during a small 

diaphragmatic displacement while profiles of ‘lesser importance’ are subject to 

broader or larger displacement conditions.  

Planar 2D phase reordering methods in three-dimensional (3D) coronary MRA 

minimize respiratory motion artifacts and increase scan efficiency (14). However, 

these 3D acquisition techniques solely include reordering of the k-space in two 

dimensions (kx, ky). We hypothesized, that a ‘true’ 3D k-space reordering, in 

conjunction with a 3D imaging approach would lead to further improvements in 

respiratory motion suppression and reduction in relative scanning time. 

The present study describes a prospective navigator based 3D k-space reordering 

technique. This Zonal Motion-adapted Acquisition and Reordering Technique 

(ZMART) was developed using simulations of the Bloch Equations and has been 

validated in phantom and in vivo experiments. Image data were objectively and 

quantitatively compared, and preliminary in vivo results are presented. 

Methods 

k-Space Reordering 

A prospective adaptive reordering of the ky-profiles as a function of a relative 

navigator displacement has previously been proposed and combined with navigator 

gating (13). For a general 3D approach, this gating and reordering strategy needs to be 

extended for ky- and kz-profiles. Hereby, a mathematical priority function is used to 

describe the importance or weight of each individual (ky,kz)-profile in k-space (Figure 

1.8). 
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Figure 1.8: Gaussian priority weighting function describes the importance of 

each (ky,kz)-profile. Each individual (ky,kz)-profile is assigned to a priority 

sector (B). Profiles with a high priority (Sector 1) will be measured during 

small diaphragmatic displacements while profiles of lower priority (Sector 3) 

are more likely to be acquired during larger displacements. 
 

The overall concept of the present approach includes the acquisition of high priority 

k-space zones during relatively small navigator displacement (with respect to the end 

expiratory gating level determined during the preparation steps of the sequence), 

while lower priority zones are subject to broader or larger displacement conditions. 

Therefore, the k-space priority function is subdivided into the same number of sectors 

(n) (Figure 1.8B) as the navigator gating window (Figure 1.9), and the navigator 

displacement allows for a prospective real-time decision regarding a profile to be 

acquired (Figure 1.9). 

The present reordering algorithm is based on a 3D navigator gated and corrected 

segmented k-space gradient echo (TFE) sequence. During each cardiac cycle a fixed 

number of (ky,kz)-profiles (specified as one shot) are sampled. The relative 

diaphragmatic navigator displacement measured before each shot defines whether the 

acquired profiles may be accepted (or discarded). If the relative displacement value is 

found within the full navigator gating window, it is then related to one of the gating 

sectors (Figure 1.9) and hence to a predefined sector in k-space (Figure 1.8B). Since 

the measured diaphragmatic position is most accurate for the first few excitations in a 

shot, only the first few profiles of a shot are filled into the priority sector of k-space 

selected by the reordering algorithm. Later profiles of the same shot are assigned to k-

space segments with lower priority. If the relative displacement value refers to a 

sector in which all profiles have already been acquired during prior acquisition, the 

next lower priority sector (Figure 1.8B) is considered. If no lower priority sector 

profiles are available, the profile acquisition is ‘forced’ into the next higher priority 

segments of k-space. This guarantees that a shot is only rejected if the navigator 

displacement is found outside of the navigator gating window and scanning time does 

not exceed scanning duration of a conventional (non-reordered) navigator gated scan. 
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Figure 1.9: Navigator displacement data are used to guide which part of k-

space will be acquired. If the acquired navigator echo is within the sector of the 

navigator gating window, it is related to respective k-space sectors (Figure 

1.8B). All navigator positions outside of the navigator gating window are 

rejected. 
 

RF Excitation Angle Weighting 

Navigator displacement dependent positions of the acquired profiles in k-space may 

result in inhomogeneous distribution of signal intensity between adjacent (ky,kz)-

profiles (14). However, these effects may be minimized by using a prospective 

adaptive RF excitation angle weighting. Based on a priori-defined signal distribution 

in k-space the RF excitation angle series for each shot have to be calculated 

prospectively and in real-time based on the actual navigator displacement. Hereby, a 

numerical Bloch Equation (17) simulation for a specific T1 value is utilized. For the 

present study, two different signal intensity weighting functions were used: 1) 

Gaussian signal intensity weighting with a high signal for the central profiles of the k-

space. 2) Constant signal intensity weighting with equal signal intensity for all k-

space profiles. 

In both cases and for a specific (ky,kz)-position in k-space, the condition given by the 

weighting function is fulfilled if the RF excitation angles are adapted according to the 

tissue specific Bloch Equation simulation. 

The RF excitation angle series of one shot (α1… αn) is calculated as follows: 

Maximum relative signal intensity:  )(max ref0 sinMI α⋅=  [1.1] 
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Calculations were made for the following excitations analogous to the second 

excitation with: 
:0M  equilibrium magnetization 

:, piM  Mz magnetization after excitation i 

:,aiM  Mz magnetization before excitation i   ( 0a1 MM ≡, ) 

:refα  user specified RF excitation angle 

:iα  required flip angle for excitation # i used to obtain 

        postulated relative signal intensity Ii 

:iI  postulated relative signal intensity for excitation i,  

       given by the signal intensity weighting function → [0…1] 

:RT  time delay between subsequent RF excitations in one shot. 

If the signal intensity for an excitation can not be obtained as postulated by the signal 

intensity weighting function, αref is used as RF excitation angle. This would occur if 

αref is too high and not enough magnetization is left for the later acquisitions within a 

shot. 

Simulations 

To study the theoretical impact of ZMART when compared with conventional non-

reordered techniques, a comprehensive MATLAB (MATLAB 5.2, The MathWorks, 

Inc. Natick, MA) simulation tool was developed to allow for the simulation of MR 

data acquisition in the presence of a moving object. The MR data set used for these 

simulations was a 3D image of a static resolution phantom. The image acquisition for 

this data set was performed using a gradient echo sequence with a long repetition time 

(TR = 9000 ms, TE = 2.4ms, 260 mm2 field-of-view (FOV), 512 × 512 image matrix, 

40 slices of 0.5 mm thickness) allowing for maximized magnetization (close to 

equilibrium magnetization M0 = 1) for each excitation. For motion simulation, the 3D 

MR data were superimposed with a diaphragmatic breathing curve acquired from a 
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healthy adult subject. Motion was superimposed in ky-direction of the 3D data set. For 

each simulated shot, the phantom position was adapted according to the breathing 

curve. During a simulated shot, the phantom position was assumed unchanged. 

Subsequently, the set of (ky,kz)-profiles was defined as a function of the navigator 

information (Figure 1.9) and the priority function (Figure 1.8B) which describes the 

‘importance’ of k-space profiles. Each of those profiles were additionally weighted 

according to the user-specified 3D signal intensity weighting function in k-space (i.e. 

Gaussian or Constant). A reference RF excitation angle αref of 20° was used with 

simulations performed for both, a 5 mm and a 15 mm navigator gating window. 

Assessment of image quality 

SNR and CNR 

To objectively define the image quality for each simulation, signal-to-noise ratio 

(SNR), contrast-to-noise ratio (CNR), artifact level and local edge definition (12) 

were evaluated. SNR relates to the ratio between the mean of the signal (S) measured 

in a user specific region-of-interest (ROIA) (Figure 1.10B) and the standard deviation 

(N) of the signal within the same ROI (12). 

To quantify the CNR, two ROI’s were utilized as shown in Figure 1.10B (ROIA, 

ROIB). The corresponding CNR was subsequently calculated as: 
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Artifact Level 

Within a selected ROI, a previously described ‘artifact level’ (13) as shown in 

Eq. [1.5] was introduced to describe the influence of the motion. This equation 

expresses a difference between two images, which are supposed to be identical. 
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with: Istatic = pixel intensity of static 3D data set 

Imotion = pixel intensity of simulated motion data set 
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Vessel definition 

Vessel edge detection algorithm was applied to objectively compare local edge 

definition of the simulated data sets (12, 18). 

Phantom Studies: 

ZMART phantom and in vivo studies were performed on a commercial, 1.5T 

Gyroscan ACS-NT (Philips Medical Systems, Best, NL) scanner equipped with a 

Power-Trak 6000 gradient system (23 mT/m, 219µs rise time) and a commercial 5 

element cardiac synergy coil. The following two phantom studies were performed. 

Phantom Study 1 

ZMART was applied to a static bottle phantom in order to verify the theoretical signal 

intensity distribution. For the visualization of the signal intensity of each individual k-

space profile, images were only reconstructed in readout-direction (1DFT). For this 

purpose, no ky- and kz-gradient encoding was utilized. 

Phantom Study 2 

A periodically moving MR compatible phantom (19) was implemented, in which the 

phantom performs periodic translational displacement (evolution time = 3.5s) 

superimposed by a rotational component. The phantom contains 4 containers 

(diameter = 30 mm) each filled with gelatin (Jell-O; Kraftsfood, Inc. Rye Brook, NY) 

and a small tube (diameter = 3 mm) filled with corn oil (Mazola; CPC International, 

Inc., Englewood Cliffs, NJ) mounted on the phantom head. A free-breathing 

navigator-gated 3D coronary MRA sequence (20) (8 excitations per shot, 260 mm2 

FOV, 4 mm slice thickness, constant RF excitation angle α = 25°, TE 2.9 ms, TR 

10.3 ms) was performed with and without ZMART methodology. For the ZMART 

experiments, k-space and navigator gating window were both divided into 5 sectors 

(Figure 1.8B and Figure 1.9). A reference excitation angle αref = 25° (Eq. [1.1]) was 

used for both, the Constant and the Gaussian signal intensity weighting in k-space. 

The same three scans were also performed using a 5 mm and a 15 mm navigator 

gating window. 

In Vivo Study: 

ZMART was preliminarily applied in vivo in two healthy adult subjects. The 

navigator was positioned at the dome of the right hemidiaphragm (10, 20). The FOV 

was 360 mm2 and 512 × 384 data points were sampled using partial Fourier sampling. 

10 slices were acquired and interpolated to 20 slices of 1.5 mm thickness using zero 

filling in k-space. TE was 2.4 ms and TR 8.6 ms. Both conventional (non-reordered) 

and ZMART scans were performed using a 5 mm navigator gating window. In order 

to get a first in vivo estimate about the potential of ZMART for a successful reduction 

of the overall scanning time two additional ZMART scans were performed with a 
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navigator gating window of 10 mm and 20 mm, respectively. For all three ZMART 

scans the Gaussian signal intensity weighting with αref = 30° was applied. 

Results 

Simulations 

Visual Analysis 

For both 5 mm and 15 mm navigator gating window simulations, the proposed 

ZMART technique (Figure 1.10B-E) demonstrated a visual reduction in motion 

artifacts when compared to those acquired with the conventional technique (Figure 

1.10A,D). A visual comparison between the images acquired using the two different 

signal intensity weighting functions (Constant: Figure 1.10B and E; Gaussian: Figure 

1.10C and F) shows no major difference. Simulations with a wider (15 mm) navigator 

gating window (Figure 1.10D-F) show a relative reduction of image quality (vs. 

5 mm) for both conventional non-reordered scan and ZMART scans. However with 

ZMART, the loss in image quality appears minimized. 
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Figure 1.10: Results of the simulations with the static, isotropic 3D dataset of 

the resolution phantom superimposed with motion: 5 mm navigator gating 

window with (A) constant gating with constant RF excitation angles, (B) 3D 

ZMART with Constant signal intensity weighting and (C) 3D ZMART with 

Gaussian signal intensity weighting. Influence of the simulated data acquisition 

with a 15 mm navigator gating window for these strategies is also shown 

(D,E,F). 
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Quantitative Analysis 

The analysis of the SNR and CNR using the 5 mm navigator gating window 

demonstrates favorable results for ZMART with the Gaussian signal intensity 

weighting function when compared to the scans obtained using conventional gating 

(Table 1.1). An improved SNR and CNR is also seen for Constant signal intensity 

weighting. For both, the Gaussian and Constant signal intensity weighting function, 

the local edge definition is enhanced when compared to conventional non-reordered 

imaging (Table 1.1). Comparing the artifact levels of the simulation results, a distinct 

reduction of motion artifacts is observed in the data sets acquired with ZMART 

(Table 1.1). 

While absolute SNR, CNR and edge definition were inferior for the 15  (vs. 5 mm) 

navigator gating windows (Table 1.1), relative image quality parameters of the 

ZMART and the conventional non-reordered technique were similar wit3h the results 

using the narrower (5 mm) navigator gating window. 

Table 1.1:  Evaluation of the Simulations With a 5 mm / 15 mm Navigator 
 Gating Window. 

Navigator gating Conventional gating ZMART,Constant ZMART, Gaussian 
window: 5 mm / 15 mm (no reordering) signal intensity signal intensity 
  weighting weighting  

SNR   6.5 / 7.8 10.5 / 9.8 12.0 / 11.3 
CNR   7.3 / 6.5 13.5 / 10.5 16.5 / 12.2 
Edge definition (%) 55.8 / 48.4 74.3 / 75.1 74.6 / 74.4 
Artifact level   4.4 / 4.4   0.7 / 1.0   0.9 / 1.4 
  

Phantom Studies: 

Visual Analysis – Phantom Study 1 

The experiments with the static phantom and the 1DFT-test mode (Figure 1.11 and 

Figure 1.12) show that the prospective adaptive RF excitation angle weighting yields 

a homogenous signal distribution in k-space in the presence of 3D k-space reordering. 

The contemplation of the signal intensity in k-space visualizes the Gaussian signal 

intensity shape (Figure 1.11A and B) for 3D ZMART combined with Gaussian RF 

excitation angle weighting. 
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Figure 1.11: ZMART experiments with the 1DFT test mode visualize the 

different signal distributions in k-space using prospective adaptive RF 

excitation angle calculation with a Gaussian signal intensity weighting function 

(A) or constant excitation angles (C). An intensity profile through k-space into 

ky-direction visualizes the demanded Gaussian signal distribution (B). The 

intensity profile of the non-weighted scan (D) shows severe inhomogenities of 

the k-space signal intensity distribution. 
 

If 3D k-space reordering is applied without prospective RF excitation angle 

calculation but with a constant angle for each excitation, strong signal intensity 

fluctuation between adjacent profiles may occur (Figure 1.11C and D). By the use of 

Gaussian signal intensity weighting, peripheral ky-profiles (more likely acquired 

during a larger diaphragmatic displacement) are attenuated. ZMART applied with 

Constant signal intensity weighting is shown in Figure 1.12. For both ky- (Figure 

1.12B) and kz-direction (Figure 1.12D), signal intensity is constant and in good 

agreement with the numerical simulations. 
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Figure 1.12: 1DFT test mode measurements with ZMART combined with 

Constant signal intensity weighting. The two profiles into ky- (B) and kz-

direction (D) visualize that the signal intensity is homogeneously distributed 

over the entire k-space. 
 

Quantitative Analysis – Phantom Study 2 

The results of the motion phantom experiments are shown in Table 1.2 and Figure 

1.13 and demonstrate improved image quality for ZMART with Gaussian signal 

intensity weighting. Image acquisitions using a 5 mm navigator gating window 

resulted in enhanced SNR, CNR and better edge definition when compared with the 

conventional non-reordered method. Increasing the navigator gating window by a 

factor of three (15 mm) resulted in more pronounced motion artifacts (Figure 1.13D) 

and in a reduction of edge definition (Table 1.2) when compared with ZMART using 

Constant and Gaussian signal intensity weighting (Figure 1.13E and F). SNR and 

CNR were only slightly reduced for the ZMART scans when compared to the same 

scans with the narrower navigator gating window (Table 1.2). 

Table 1.2:  Evaluation of the Motion Phantom Experiments, Using a  
 5 mm/15 mm  Navigator Gating Window. 

Navigator gating Conventional gating ZMART, Constant ZMART, Gaussian 
window: 5 mm / 15 mm (no reordering) signal intensity signal intensity 
       weighting         weighting  

 SNR 15.3 / 13.0 14.9 / 13.6 17.7 / 16.5 

 CNR 11.3 / 12.9 17.7 / 16.8 20.6 / 20.5 

 Edge definition (%) 81.3 / 67.4 81.6 / 76.3 82.6 / 78.5 
_____________________________________________________________________________________________________________________________________________ 
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Figure 1.13: Motion phantom studies comparing conventional non-reordered 

(A, D) with ZMART (B, C, E, F). For all images SNR, CNR and edge definition 

of the 3 mm tube were evaluated between start point S and end point E (Figure 

1.13A). 5 mm navigator gating window:  (A) conventional gating, constant RF 

excitation angles, α = 25°; (B) ZMART with Constant signal intensity 

weighting, αref = 20°; (C) ZMART with Gaussian signal intensity weighting, 

αref = 25°. 15 mm navigator gating window:  (D) conventional gating, 

constant RF excitation angles, α = 25°; (E) ZMART with Constant signal 

intensity weighting, αref = 20°; (F) ZMART with Gaussian signal intensity 

weighting, αref = 25°. Note: αref can not be selected equally high for the 

Constant signal intensity weighting as for the Gaussian signal intensity 

weighting. (Eq. [1.3], Ii ≡ 1 for Constant weighting). 
 

In Vivo Study 

Examples from an in vivo scan are shown in Figure 1.14. The 5 mm navigator gating 

window scan using ZMART with Gaussian signal intensity weighting (Figure 1.14B) 

had a higher SNR and CNR when compared to the conventional non-reordered scan 

(Table 1.3). Even for the ZMART scans with the wider (10 mm and 20 mm) navigator 

gating windows (Figure 1.14C and D) SNR and CNR remained high (Table 1.3). 

Edge definition was maximized for ZMART with a 5 mm and 10 mm navigator 

gating window. The edge definition for the conventionally navigator gated non-

reordered acquisition with the 5 mm navigator gating window was similar to the 

ZMART scan using a four times wider (20 mm) navigator gating window. Applying a 

10 mm resp. 20 mm navigator gating window yielded an increase in navigator 

efficiency (Table 1.3) when compared to the 5 mm navigator gating window and 

therefore enabled to reduce the total scanning time from approximately 16 min (for 

the 5 mm navigator gating window) down to 12 min or 10 min, respectively. 
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Figure 1.14: In vivo scans comparing a conventional non-reordered gated scan 

using a 5 mm navigator gating window with ZMART scans using different 

navigator gating windows. Double oblique right coronary artery (RCA), left 

(LV) and right (RV) ventricle. A: 5 mm navigator gating window, conventional 

gating, constant RF excitation angles α = 30°, 16 min scan time; B: 5 mm 

navigator gating window, ZMART, Gaussian signal intensity weighting 

αref = 30°, 16 min scan time; C: 10 mm navigator gating window, ZMART, 

Gaussian signal intensity weighting αref = 30°, 12 min scan time; D: 20 mm 

navigator gating window, ZMART, Gaussian signal intensity weighting 

αref = 30°, 10 min scan time. 
 
 

Table 1.3:  Evaluation of an In Vivo Result 
 

 Conventional gating               ZMART, Gauss  

Navigator window 5 mm 5 mm 10 mm 20 mm  
SNR  16.2 17.7 13.3 13.0 

CNR    8.6   9.7   8.6   7.7 

Edge definition (%) 61.9 66.9 67.2 60.5 

Efficiency (%) 56 55 74 87 
_______________________________________________________________________________________________________________________________ 

Discussion 

In the present simulations, phantom and preliminary in vivo study, we demonstrate 

that the proposed ZMART 3D k-space reordering including adaptive RF excitation 
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angle weighting reduces motion artifacts while improving scan efficiency. By 

acquiring k-space profiles of high information content during periods of smaller 

navigator displacement, and the profiles of lower information content during periods 

of increased navigator displacement, motion artifacts can be successfully minimized. 

Compared to the proposed reordering techniques (13, 14) in which ky-profiles are 

acquired and reordered separately for each kz-plane, ZMART further allows for a 

simultaneous reordering of profiles in the different kz-planes. The additional 

dimension of reordering allows for an increase of the ratio between ‘important’ and 

‘fewer important’ profiles in k-space. As a consequence, less restrictions apply for a 

(ky,kz)-profile acquired during large diaphragmatic displacement. This may result in an 

improved image quality and an overall increased scan efficiency with subsequently 

minimized scanning time. Further, the improvement in image quality is also related to 

the appropriate partitioning of k-space and the navigator gating window. If all profiles 

of the lower priority sectors of k-space are acquired first, profile acquisition will be 

‘forced’ into higher priority segments of k-space in order to keep the overall scanning 

duration constant. However, by selecting the size of the higher priority sectors not too 

large or making the navigator criterion for the acquisition of these sectors not too 

restrictive, the adverse effect of ‘forced’ profile acquisitions may be minimized. 

Since the 3D filling order of k-space is no longer predefined but navigator 

displacement dependent, a runtime calculation of the applied RF excitation angles is 

required. Thus, highly variable signal intensities between adjacent k-space profiles 

and the resulting image artifacts may be minimized. However, this applies only for 

one specific T1 value. Regions of multiple tissue dependent T1 values remain to be 

further investigated. Simulation also shows that conventional non-reordered gating 

results in more pronounced artifacts if the navigator gating window width is 

increased. In contrast, the simulations also suggest that overall image quality may be 

preserved by using ZMART in conjunction with these wider navigator gating 

windows. 

Experiments with the motion phantom demonstrate that ZMART seems to minimize 

motion artifacts while scan efficiency can be improved due to increased navigator 

gating window width. There was only a minor penalty in image quality in contrast to 

conventional acquisition. Both proposed RF excitation angle weighting functions 

performed equally for a 5 mm navigator gating window, although the Gaussian signal 

intensity weighting function theoretically reduces the spatial resolution due to its 

wider point spread function (compared to the Constant signal distribution in k-space). 

This may explain the small differences found for vessel definition when comparing 

Gaussian and Constant signal intensity weighting. If wider navigator gating windows 

are applied, the Gaussian function appears to result in superior image quality when 

compared to the Constant weighting. 

In a preliminary study ZMART has also been successfully applied in vivo, using 

different navigator gating window widths. Consistent with the MATLAB simulations 
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and the phantom experiments, ZMART enables acquisitions using wider navigator 

gating windows. Additionally, the objective analysis showed that images acquired 

with ZMART in combination with a wider navigator gating window improved (or at 

least preserved) the vessel sharpness while the overall scanning time could be reduced 

(increased navigator efficiency). 

Conclusions 

ZMART describes an approach which allows for 3D k-space reordering for 3D 

navigator gated and corrected coronary MRA in conjunction with segmented k-space 

gradient echo imaging. Reordering of k-space combined with prospective adaptive RF 

excitation angle weighting has shown to successfully minimize bulk motion artifacts 

while measurement time can be considerably reduced. These results have shown to be 

consistent in numerical simulations, experiments with a moving phantom and in a 

preliminary in vivo study.  

Additional investigations are now needed to further optimize scanning parameters and 

k-space signal intensity weighting functions. 
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1.3 Respiratory Navigator in Steady-State Free-
Precession Imaging 

To be submitted as: 

Navigator considerations for steady-state free-precession coronary MRA. 
Huber ME, Kozerke S, Boesiger P. 
 

Abstract 

Endogenous contrast enhancement by steady-state free-precession (SSFP) MR 

imaging has successfully been applied for various cardiac applications during the 

recent past. To achieve high contrast between oxygenated blood and myocardial 

muscle, a train of dummy RF excitations is commonly performed prior to data 

acquisition in order to establish steady-state transverse magnetization. If SSFP 

imaging is combined with free-breathing navigator-gated and corrected 3D coronary 

MR angiography (MRA), this preparation phase is in opposition to the requirement 

for a short time delay between the navigator acquisition and the actual data collection 

phase. 

A magnetization preparation scheme, originally proposed to temporary interrupt 

established SSFP magnetization and perform spectral fat saturation, enables to 

overcome current limitations given by the navigator time delay. The proposed method 

significantly reduced this time delay by 75% and simultaneously allows extending the 

magnetization preparation phase for SSFP contrast by 46%, relative to a conventional 

approach for navigator-gated 3D coronary MRA. 

Results obtained from six healthy subjects yield considerable increase of contrast-to-

noise ratio (+24%, P<0.05) for coronary angiograms acquired with the prolonged 

magnetization preparation. 
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Introduction 

Steady-state free-precession (SSFP) imaging (1) has become of widely interest during 

the recent past. The development and application of this technique has been supported 

by the parallel ongoing progress of MR hardware technology with stronger gradients 

and fast gradient switching times, enabling MR data acquisitions with short 

repetitions times. Also for cardiac applications, SSFP has become a powerful method 

(2, 3), providing high image contrast between oxygenated blood and myocardial 

muscle. To achieve high SSFP image contrast, an RF pulse preparation phase is 

required to establishing steady-state transverse magnetization (4, 5). Dependent on the 

shim quality across the excited image plane, a train of dummy RF excitations is 

required, until transverse magnetization has reached steady-state.  

High resolution coronary MR angiography (MRA) is performed 

electrocardiographically (ECG) triggered and data acquisition is limited to a relative 

short time period of intrinsic cardiac rest (~80-100 ms) during mid-diastole (6). 

Hence, if SSFP imaging is applied to coronary MRA, the magnetization preparation 

phase has to be performed for every cardiac cycle again, immediately prior to the 

actual data acquisition phase (3). However, if coronary MRA is performed with 

navigator technology for respiratory motion detection, the localization of the 

diaphragmatic position by the navigator should be as close as possible to the actual 

data collection phase (7) for optimal real-time motion correction performance. 

The demand for a short navigator delay time and the need to establish steady-state 

conditions by dummy RF excitations are opposite requirements, if performed in 

conventional consecutive order. As demonstrated in previous work by Scheffler at al. 

(8), reached equilibrium conditions for SSFP imaging can be shortly interrupted by 

re-storing transverse steady-state magnetization as longitudinal magnetization, in 

order to apply special magnetization preparation pulses, i.e. for fat saturation. 

Subsequently, transverse steady-state can be re-established instantaneously for SSFP 

image acquisition, with a minimum of dummy pulses. 

Goal of the present work was the adaptation of this interrupted SSFP magnetization 

preparation scheme to navigator-gated 3D coronary MRA (9). This combination 

should enable to perform the magnetization preparation prior to the navigator 

acquisition, offering simultaneously a possibility to extend the train of dummy 

preparation pulses. At the same time, the originally large number of dummy RF 

excitations, applied between navigator and data sampling phase hampering real-time 

motion correction, could be minimized. The proposed technique was tested and 

validated in first in vivo measurements on six healthy adult volunteers. 
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Materials and Methods 

Interrupted magnetization preparation 

SSFP magnetization preparation as originally proposed by Oppelt et. al. (1) consists 

of a train of alternating ± RF pulses (α), separated by the repetition time (TR). 

Dependent on the T2/T1 ratio of the sample and potential B0 inhomogeneity across 

the field-of-view (FOV), strong oscillations of the magnetization occur until steady-

state is reached (10). Computed simulations of the transverse and longitudinal 

magnetization for T1 (= 850 ms) and T2 (= 50 ms) of myocardial muscle and a B0 

inhomogeneity of 30 Hz (α = 60°, TR = 4.6 ms, TE = 2.3 ms) show strong 

modulations until steady-state conditions are reached after approximately forty RF 

excitations (Figure 1.15a). 
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Figure 1.15: Simulation of transverse (solid line) and longitudinal (dotted line) 

magnetization during SSFP preparation for a B0 inhomogeneity of 30 Hz across 

the heart (T1/T2 = 850/50 ms, TR/TE = 4.6/2.3 ms). a: original SSFP proposed 

by Oppelt et. al. b: α/2-TR/2 catalysation scheme proposed by Deimling et al. c: 

interrupted preparation proposed by Scheffler et al. 
 

Extending this original SSFP preparation by an initial α/2 tip-down RF excitation 

performed TR/2 prior to the first RF pulse (11), helps to minimize initial 

magnetization oscillations and to reduce the number of required dummy ±α pulses 

until steady-state conditions have been established (Figure 1.15b). Work by Scheffler 

et al. (8) showed, that this α/2-TR/2 concept can also be used to interrupt the steady-

state and to restore transverse magnetization as longitudinal magnetization, by 

applying a -α/2 tip-up pulse which is separated by TR/2 from the previous α RF 

excitation. Restarting with the α/2 tip-down pulse, steady-state conditions can be 

reestablished after a minimum of dummy RF excitations (Figure 1.15c). 

This interrupted magnetization preparation concept was implemented for free-

breathing navigator-gated 3D coronary MRA on a 1.5T Philips Intera whole body MR 

system (Philips Medical Systems, Best, NL). The preparation scheme consisted of a 
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α/2-tip-down pulse with 30 RF dummy excitations performed at the beginning of the 

cardiac cycle, followed by α/2-tip-up pulse, which restores steady-state transverse 

magnetization as longitudinal magnetization (Figure 1.16b). After navigator 

acquisition (NAV), fat saturation (Fat-Sat) and a prepulse for local chest wall 

suppression (REST), a α/2-tip-down pulse was followed by 5 RF dummy excitations 

reestablishing steady-state magnetization for subsequent sampling. 
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Figure 1.16: Time scheme of the pulse sequences used for free-breathing 

navigator-gated 3D coronary MRA with SSFP. a: Conventional preparation 

scheme, establishing transverse steady-state magnetization after the navigator 

acquisition (NAV), Fat-Sat and REST prepulses, immediately prior to the SSFP 

imaging part by using a α/2-tip-down RF pulse and 20 dummy RF excitations. 

b: Interrupted SSFP preparation scheme starting during late systole enabled 

perform the navigator acquisition closer (81 ms vs. 150 ms) to the actual 

imaging part by reducing the number of dummy RF pulses before data 

acquisition. 
 

The new preparation scheme was compared with a previously presented sequence for 

SSFP navigator-gated coronary MRA (12) (Figure 1.16a), where a α/2-tip-down pre-

pulse with 20 RF dummy excitations (α = 60°) were performed immediately prior to 

image acquisition. 

Navigator 

Dependent on the orientation of the 3D volume for navigator-gated acquisitions 

covering the right coronary artery system, the measurement volume intersects with the 

navigator positioned at the lung liver interface. During an ECG-triggered navigator 

preparation phase at the beginning of the scan, a series of navigator excitations is 

performed in order to determine a reference navigator signal, representing the most 

superior end-expiratory diaphragm position. By cross-correlating this reference level 
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with the navigator data measured during the subsequent coronary MRA, the relative 

respiratory excursion is calculated. 

If currently implemented navigator gating is combined with proposed interrupted 

SSFP magnetization preparation, where RF dummy excitations precede the navigator 

acquisition, the magnetization of the lung-liver interface during the actual scan phase 

may be different to that, present during the navigator preparation phase performed 

without SSFP catalysation scheme. To guarantee identical magnetization conditions at 

the lung-live interface for both the preparation and the scanning phase, the navigator 

software was extended by incorporating the interrupted SSFP preparation (tip-down 

pulse, dummy RF excitations and tip-up pulse) into the navigator preparation phase. 

Protocol 

The two magnetization preparation schemes for SSFP navigator-gated coronary MRA 

were tested on six healthy adult volunteers (mean age 28 years, range 23-31 years, 

three male), where either the left (n = 3) or the right (n = 3) coronary arterial system 

was imaged. 

Except from the SSFP preparation scheme all imaging parameters of the two 

comparative 3D scans were identical: FOV = 300 × 272 mm2, 256 × 209 image 

matrix (in-plane spatial-resolution = 1.2 × 1.3 mm2), TR = 4.6 ms, TE = 2.3 ms, 

α = 60°, 14 RF excitations per cardiac cycle and ten adjacent slices of 3 mm slice 

thickness each were acquired. A five-element cardiac synergy coil was used for signal 

reception and a vector ECG (13) for cardiac triggering. All scans were performed with 

navigator-gating (5 mm gating window) and real-time motion correction during free-

breathing. 

Evaluation 

MR data sets were multi-planar reformatted and signal-to-noise ratio (SNR), contrast-

to-noise ratio (CNR) and local vessel sharpness were evaluated using a coronary 

reformatting and analysis tool (14). 

To quantify the quality of the two magnetization preparation schemes applied in vivo, 

SNRBlood was determined as the ratio IBlood/NBack of the mean signal intensity of 

arterial blood (IBlood) measured within a region-of-interest (ROI) the proximal part of 

the coronary vessel and the standard deviation of the background noise (NBack). 

Analogous, SNRMuscle was quantified as the ration between the mean signal intensity 

of myocardial muscle (IMuscle), measured within a second ROI, and NBack. 

Subsequently CNRBlood-Muscle was calculated as (IBlood-IMuscle)/NBack. 

As an addition image quality parameter local vessel sharpness was determined using a 

previously described Deriche algorithm (15). A maximal signal intensity change at the 

vessel border is consistent with a vessel sharpness value of 100%. Lower values refer 

to inferior vessel sharpness. 
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All assessed parameters are given as the mean value plus or minus one standard 

deviation of the mean (± 1 SD). Data of the conventional SSFP preparation is 

compared with image quality values obtained with the interrupted SSFP preparation 

scheme by means of a two-tailed paired Student’s t-test. P-values < 0.05 were 

considered statistically significant. 

Results 

The interrupted catalysation scheme for SSFP 3D coronary MRA was successfully 

applied in six healthy volunteers. Compared to a conventional SSFP approach for 

coronary angiography, the method enabled to extend the magnetization preparation 

phase, consisting of a series of dummy RF excitations, by 75% and simultaneously 

reduce the time delay between the navigator acquisition and the measurement phase 

from 150 ms down to 81 ms. 

Navigator 

Figure 1.17 shows the navigator signal obtained in a volunteer, where the interrupted 

SSFP preparation scheme applied on a 3D imaging stack for angiography of the right 

coronary system intersects with the lung-liver interface, used for navigator gating. As 

a result of the dummy RF pulses performed prior to the navigator acquisition, steady-

state magnetization is not only established on the heart but also on the liver (Figure 

1.17a, scanning phase). Hence, if SSFP preparation is only applied for the scanning 

phase but not for the navigator preparation phase, inconsistent detection of end-

expiratory levels by saturation of the liver-blood signal make navigator gating 

impossible (Figure 1.17a, arrows). Incorporating the RF dummy excitations of the 

interrupted SSFP preparation into the navigator preparation phase eliminates these 

inconsistencies at the lung-liver interface successfully (Figure 1.17b, arrows). 
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Figure 1.17: Navigator preparation phase in a volunteer, where the imaging 

volume covering the RCA intersects with the navigator position: time is on the 

x-axis, and the lung-liver interface during free-breathing is shown on the y-axis. 

a: If the navigator preparation phase is performed without application of 

dummy RF excitations used for subsequent imaging with the interrupted SSFP 

scheme, saturation effects on liver result in an inconsistent detection of end-

expiration during the preparation and the scanning phase (arrows). b: 

Incorporating the dummy RF excitations of the interrupted SSFP approach into 

the ECG-triggered navigator preparation phase guarantees a reliable detection 

of end-expiration during both the navigator preparation and the scanning phase 

(arrows). 

Coronary angiograms 

A comparison of two coronary angiograms measured with a conventional (Figure 

1.18a) and an interrupted (Figure 1.18b) SSFP magnetization preparation scheme is 

presented in Figure 1.18. With both techniques the course of the right coronary artery 

(RCA) could be clearly depicted. Meanwhile blood signal of the two images shows 

equally brightly, signal of the myocardial muscle appears more saturated in the scan 

with the interrupted magnetization preparation. 
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Figure 1.18: In vivo example of a RCA obtained in a healthy volunteer. With the 

interrupted SSFP preparation (b) signal from myocardial muscle appears 

darker then with the conventional preparation scheme (dotted arrows), yielding 

an increased CNR between arterial blood and the myocardium. 
 

An in vivo example covering the left coronary circumflex (LCX) and the root of the 

RCA is presented in Figure 1.19. As apparent in the in vivo example of the right 

coronary system, reduced myocardial signal intensity enabled to increase image 

contrast between oxygenated blood and myocardium. 
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Figure 1.19: Reformatted coronary MRA of a left arterial system, showing a 

long portion of the LCX and the root of the RCA. Again, a better saturation of 

the myocardial muscle leads to an increased CNR between blood and the 

myocardium. Ao: aorta. 

Image quality parameters 

The evaluation of the objectively assessed image quality parameters (Table 1.4) 

showed on average a slight increase of SNRBlood for the interrupted preparation 

scheme, relative to the conventional method (38.4 ± 9.3 vs. 35.5 ± 6.0, difference not 

significant). Simultaneously, signal originating from the myocardial muscle was 

reduced, yielding a lower SNRMuscle value (17.6 ± 4.2 vs. 18.7 ± 4.9, not significant). 

While both determined SNR values showed no significant difference between for the 

two SSFP preparation schemes, the interrupted SSFP preparation enabled to 
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significantly increase CNRBlood-Muscle by 24% when compared with the conventionally 

acquired SSFP images (20.8  ± 5.7 vs. 16.8 ± 5.4, P<0.05). 

Vessel sharpness quantification performed on the proximal 4 centimeters of either the 

RCA or the LCX showed a slightly lower value for the interrupted SSFP catalysation 

when compared with the conventional preparation (51.0 ± 9.5% vs. 54.4 ± 10.4%). 

However, this difference in edge quality was not found to be statistically significant 

(Table 1.4). 
 

Table 1.4:  Image quality parameters 

 Conventional Interrupted Significance 
_________________________________________________________________________________________________________________________________ 

SNRBlood  35.5 ± 6.0 38.4 ± 9.3 NS* 

SNRMuscle 18.7 ± 4.9 17.6 ± 4.2 NS* 

CNRBlood-Muscle  16.8 ± 5.4 20.8 ± 5.7 P < 0.05 

vessel sharpness (%)  54.4± 10.4 51.0 ± 9.5 NS* 
_________________________________________________________________________________________________________________________________ 

NS*: not significant (Student’s t-test) 

Note: Data are the mean ± 1 SD 

Discussion 

A previously described interrupted magnetization preparation scheme for SSFP 

imaging (8) was successfully implemented for 3D coronary MRA, performed with 

navigator-gating and correcting during free-breathing. Whereas in previous reported 

implementations (12) SSFP contrast was established immediately before the actual 

data collection phase, the interrupted preparation enabled to reach transverse steady-

state magnetization already prior to the navigator acquisition. 

Dependent on the orientation of the SSFP imaging stack, covering the right coronary 

system, the acquisition volume may intersect with the right hemi-diaphragm, used as 

an interface for the navigator. As a result, the dummy RF excitations of the 

interrupted preparation scheme do not only establish steady-state magnetization on the 

heart, but also within the liver. This effect has to be considered while performing the 

navigator preparation phase, by incorporating the dummy RF excitations of the SSFP 

catalysation. Otherwise, signal inconsistencies at the lung-liver interface make a 

detection of the end-expiratory position unreliable or even impossible. 

The interrupted catalysation concept did not only shift SSFP preparation ahead of the 

navigator acquisition but enabled at the same time to increase the number of dummy 

RF excitations by 75%, relative to the conventionally applied preparation scheme. As 

a result of the better established transverse steady-state magnetization, CNRBlood-Muscle 

between arterial blood and myocardial muscle improved significantly by 24%. 

Simultaneously, the number of dummy excitations performed between the navigator 

and the data acquisition was minimized from originally 20 down to 5, yielding a 
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navigator delay reduction of 46%. Image quality could not further benefit by the 

shortened time delay and no significant difference was found for assessed vessel 

sharpness values, as might have been anticipated. On one hand, this can be explained 

by the relative low in-plane spatial resolution (1.2 × 1.3 mm2) of the coronary 

angiograms, with a less pronounced correlation between navigator timing and image 

quality as for higher sub-millimeter spatial resolution (7). On the other hand, the 

reduced time delay of 81 ms in the interrupted SSFP preparation was still too long for 

a direct positive effect on vessel sharpness. This hypothesis is supported by previous 

findings of Spuentrup et al. (16), where a significant improvements in vessel 

sharpness were only achieved for navigator time delays § 40 ms. For a potential 

enhancement of vessel sharpness, image resolution has to be improved and the short 

second magnetization preparation phase between the navigator acquisition and the 

imaging part, consisting of 5 dummy RF excitations, might be traded for an additional 

navigator time delay reduction. 

Conclusions 

An interrupted magnetization preparation scheme for SSFP navigator-gated 3D 

coronary MRA has successfully been implemented. With the proposed method, 

transverse steady-state magnetization established during early to mid-diastole was 

temporary interrupted, in order to perform the navigator acquisition used for real-time 

motion correction during the actual scanning phase. Different from conventional 

SSFP preparation schemes, where RF dummy excitations establish steady-state 

conditions between navigator and data acquisition, the number of applied dummy 

excitations was no longer constrained by the requirement of a short navigator time 

delay. This enabled to extend the SSFP preparation phase and improve image contrast 

of coronary MRA, as demonstrated in a preliminary in vivo study. 
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Chapter 2  
 
Parallel Imaging in Coronary MRA at 3 Tesla 

2.1 Coronary MRA with SENSE 

Submitted as: 

Sensitivity-encoded coronary MRA at 3 Tesla. 
Huber ME, Kozerke S, Pruessmann KP, Smink J, Boesiger P. 

Magn Reson Med. 
 

Abstract 

Long scan times are still a main limitation in free-breathing navigator-gated three-

dimensional (3D) coronary magnetic resonance angiography (MRA). Unlike other 

MRI applications, high-resolution coronary MRA has not been amenable to 

acceleration by parallel imaging techniques due to signal-to-noise ratio (SNR) 

concerns. In the present work it is proposed to mitigate SNR limitations by the 

transition to higher static magnetic field strength and thus enable scan time reduction 

by the parallel sensitivity encoding (SENSE) technique. The study reports the 

implementation and evaluation of free-breathing navigator-gated 3D coronary MRA 

with SENSE at 3 Tesla. Results from eleven healthy subjects indicate that the 

approach permits significant scan time reduction in MRA of the left and right 

coronary systems. Quantitative image analysis and visual grading suggest that two-

fold scan acceleration can be accomplished at nearly preserved image quality. 

Additional experiments appear to demonstrate that parallel MRA equally permits 

enhancing volume coverage and spatial resolution while maintaining scan time and 

SNR. 
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Introduction 

For an accurate localization of coronary artery disease, extensive portions of the left 

and the right coronary artery systems have to be imaged. Due to the tortuous 

orientation of the coronary arteries multiple slices or three-dimensional (3D) data 

have to be acquired to cover a coronary artery tree. Additionally, small vessel 

diameters necessitate sub-millimeter resolution and hence large data matrices. As a 

consequence, the mere amount of data required makes it difficult to complete data 

acquisition in a single breath-hold (1, 2). Hence, the scan may either be split into 

multiple breath-holds (3, 4) or performed with MR navigators (5, 6 ) during free-

breathing. 

One of the techniques that have shown potential for the visualization of the coronary 

artery system is 3D coronary magnetic resonance angiography (MRA) performed 

during free-breathing and with navigator-gating and prospective real-time correction 

for respiratory motion (7). However, the short time window (80-100 ms) of relative 

intrinsic cardiac rest during mid-diastole and the limited navigator efficiency (50% on 

average) make scan times relatively long. The acquisition of a single high resolution 

3D stack, covering either the left or the right coronary arterial system, takes 

approximately 10 minutes. This duration is quite long in terms of patient comfort, 

especially if we further consider the time required for localizer scans or a potential 

combination of the coronary MRA with other cardiac scans. 

The scan efficiency of navigator gated acquisitions may be increased by combining 

navigator technology with sophisticated motion compensation strategies (8, 9). As 

demonstrated by Jhooti et al., k-space reordering permits increasing the navigator 

acceptance window and hence speeding up the data acquisition by a factor of 1.5 

relative to a non-reordered method. Alternatively, or in addition, parallel imaging 

techniques such as sensitivity encoding (SENSE) (10) may be used, enabling scan 

time reduction by factors of 2 or even more. Like other parallel approaches, SENSE 

relies on signal acquisition with a receiver coil array. Reducing only the density of k-

space sampling usually changes neither the imaging sequence itself nor the resulting 

image contrast. However, due to the reduced amount of overall acquisition time the 

SNR in parallel imaging is decreased. Compared to the SNR of an acquisition with 

full k-space coverage (SNRfull), the SNR of a SENSE image (SNRSENSE) is reduced by 

the geometry factor (g) and by the square root of the SENSE reduction factor (R): 

Rg

SNR
SNR full

SENSE ⋅
=   [2.1] 

The geometry factor g depends on the spatial sensitivities of the coil array elements, 

receiver noise correlation and the degree of reduction (R). 

This SNR drawback is not necessarily critical in MRA, as shown for instance for 

contrast-enhanced abdominal applications (11). However, in coronary imaging SNR 
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loss is more critical due to higher resolution requirements and relatively low overall 

scanning efficiency. As a consequence, parallel acquisition has not been a viable 

option for high-resolution coronary MRA at the standard field strength of 1.5T. 

Overcoming this limitation requires significant improvements in SNR gain, which are 

difficult to accomplish by mere sequence optimization. A more fundamental, if 

technically challenging alternative is the transition to higher field strength. At the 

increasingly available field strength of 3T an approximately twofold gain in SNR is 

expected relative to 1.5T (12, 13). Adverse high-field effects such as enhanced field 

inhomogeneity and slower longitudinal relaxation slightly reduce this benefit. 

Nevertheless, a significant net SNR gain at 3T has recently been demonstrated in a 

preliminary coronary MRA study in volunteers (14). Building on these findings, the 

objective of the present work was to investigate whether the added SNR at 3T can be 

successfully traded for imaging speed by means of parallel acquisition. For this 

purpose, a state-of-the art coronary MRA protocol was integrated with the SENSE 

technique and evaluated in a group of healthy volunteers. 

Methods 

Eleven healthy adult subjects (6 males, 5 females, 27 ± 6 years) were examined. 

Imaging was performed on a compact 3T whole-body MR unit (Intera 3T, Philips 

Medical Systems, Best, The Netherlands) equipped with a MASTER gradient system 

(30 mT/m; 150 mT/m/ms) and vector electrocardiography (VECG) (15) for cardiac 

triggering. For data acquisition a prototype send-receive body coil and a six-element 

prototype cardiac receiver coil array were used. Two receiver coils were placed in 

anterior position, two in posterior position and one additional coil element on each 

lateral side of the subject, according to the setup previously proposed for cardiac 

applications by Weiger et al. (16, 17). 

In each subject, coronary MRA of the left and the right coronary arterial systems was 

performed twice, once without acceleration and once with two-fold SENSE 

acceleration (reduction factor R = 2). 

Respiratory Motion Compensation 

Coronary MRA was performed during free-breathing with navigator gating and real-

time correction of respiratory motion (18). For the detection of respiratory motion, the 

navigator was placed on the dome of the right hemi-diaphragm and the extrinsic heart 

motion was prospectively corrected by measuring the superior-inferior diaphragmatic 

excursion, scaled by a linear factor of 0.6 (19). As pointed out by a previous study on 

in vivo coronary MRA at 3T (14), the 2D selective navigator RF excitation is 

sensitive to off-resonance and T2* effects at the lung-liver interface. Since these 

effects become more prominent for long RF pulse excitation durations, the number of 

k-space turns used for the pencil beam RF excitation was reduced from the typical 
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value of 16 to 14. Reducing the number of k-space turns and shortening the RF pulse 

duration causes a shift of the side lobes of the excitation profile towards the center 

lobe of the pencil beam, when compared to a higher number of k-space turns. As a 

consequence, the navigator profile contamination from the imperfect excitation profile 

will be increased, especially if a side lobe of the pencil beam coincides with the 

location of the heart. To minimize such navigator signal contamination from back-

folding epicardial fat, an additional spectrally selective fat saturation prepulse was 

performed immediately prior to the navigator acquisition. 

SENSE reference scan 

SENSE image reconstruction is based on knowledge of the spatial sensitivities of the 

individual receiver coil elements, which is obtained by a reference acquisition (10). 

Using maps of the coil sensitivities the reconstruction algorithm eliminates aliasing 

that results from undersampling k-space in the phase-encoding direction. Since spatial 

sensitivity data is required from the left and right coronary arterial systems in double-

oblique orientations, a single SENSE reference scan would need to cover a large 

volume of the upper thorax. To reduce the amount of reference data and hence 

acquisition time, a separate reference scan was performed for each arterial system, 

each aligned in the same image plane as the subsequent high-resolution coronary 

MRA scans. A previously described three point plan scan tool (20) was used for 

optimal alignment of the 3D stack along the coronary vessels. The reference scans 

were low-resolution, 3D gradient echo sequences performed with both the coil array 

and the body coil. Element-wise division of the array elements by the body coil 

yielded raw sensitivity maps which were further refined by fitting procedures for 

noise elimination and sensitivity extrapolation (10). A 32 × 32 × 30 scan matrix was 

sampled corresponding to a field-of-view (FOV) of 400 × 400 × 105 mm3, using the 

following parameters: TR 6.7 ms, TE 1.6 ms, RF excitation angle α = 7° and 6 serial 

signal averages were measured to average intrinsic cardiac motion. To keep the 

acquisition time short, the reference scan was performed without cardiac triggering 

(11). Due to its low spatial resolution, intrinsic heart motion does not critically affect 

the sensitivity data. However, since the high resolution coronary MRA is performed 

in end-expiratory diaphragm position, the reference scan was also acquired in end-

expiratory position, during two breath-holds (~19s each) in order to keep scan time as 

short as possible. 

Coronary Angiography 

After the two previously described localizer scans (20) 3D high-resolution coronary 

MRA with T2 preparation (TE = 50 ms) (21) and spectrally selective fat saturation 

was performed during free-breathing and with prospective navigator correction 

(7, 22). A FOV of 360 × 270 mm2 was sampled with a 512 × 270 matrix, resulting in 

an in-plane spatial resolution of 0.7 × 1.0 mm2. Ten slices of 3mm thickness were 
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acquired and interpolated to twenty slices using zero-filling. The imaging parameters 

of the 3D segmented k-space gradient echo sequence were: RF excitation angle 

α = 30°, TR = 8.1 ms, TE = 2.4 ms and 10 phase-encoding steps were sampled per 

cardiac cycle (acquisition window = 81 ms). In addition, navigator gating and real 

time motion correction were performed using a 5 mm acceptance window. Without 

considering the navigator efficiency, a total of 350 heart beats (175 with SENSE-

R = 2) was required for one high resolution data set. In one additional subject, SENSE 

was applied to increase the number of phase encoding steps in the slice selection 

direction by a factor of two, rather than speeding up the acquisition. In 3D imaging, 

the SNR is proportional to the voxel volume and the square root of the number of 

phase encoding steps. Acquiring 20 slices instead of 10 with equal slice thickness of 3 

mm would therefore yield an SNR increase by a factor of 2 . To end up with equal 

overall SNR, the SNR benefit from encoding more slices was traded for improved 

resolution in the slice selection direction. Therefore, 20 slices of 2.2 mm slice 

thickness were acquired and interpolated to 40 by zero-filling. 

Image Quality Analysis 

Multi-planar reformatting and image quality analysis of the 3D data sets were 

performed using a previously described coronary analysis software tool (23). The 

reformatted coronary angiograms were visually graded by two of the authors (S.K., 

J.S.). Corresponding images obtained with and without parallel imaging were 

comparatively presented in a blinded way and four coronary segments were analyzed: 

the left main (LM), the left anterior descending (LAD), the left coronary circumflex 

(LCX) and the right coronary artery (RCA). SENSE images can often be identified by 

locally enhanced noise in the periphery, where the geometry-factor (Eq. [2.1]) may 

assume elevated values. To avoid any related bias in image grading, the presented 

angiograms were cropped and all structures except for the coronary arteries were 

visually masked. The image quality of each segment was graded according to the 

following rating system: 1) poor or un-interpretable (vessel borders markedly 

blurred); 2) good (vessel borders moderately blurred); 3) very good (vessel borders 

mildly blurred); 4) excellent (vessel borders sharply defined). 

In addition to the reader-specific rating of the angiograms, image quality was 

objectively determined by measuring the visible length of the LAD, the LCX and the 

RCA on the multi-planar reformatted image. To provide an objective measure of 

image blurring, besides the subjectively determined level by the visual grading, local 

vessel sharpness along the user-specified proximal coronary segments was 

determined. As a third measure, the mean vessel diameters of these proximal 

segments were assessed. Vessel diameters and sharpness were quantified utilizing a 

Deriche algorithm (23, 24). 

Image quality parameters are given as the mean values plus or minus one standard 

deviation of the mean (± 1 SD). The data of the acquisition without SENSE and the 
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scan acquired with R = 2 were compared by means of a two-tailed paired Student’s t-

test, with P-values ≤ 0.05 indicating statistically significant differences in the data. 

Results 

Navigator signal 

 

Figure 2.1 demonstrates the influence of the newly introduced spectrally selective 

saturation prepulse on the navigator signal, obtained in a volunteer. In both cases, a 

bright liver signal can be appreciated. However, with the conventional sequence ( 

Figure 2.1a, dotted arrow), the transition between liver and lung is considerably 

blurred. This problem is effectively mitigated by the fat-saturation prepulse prior to 

navigator acquisition ( 

Figure 2.1b, dotted arrow). As a consequence, the position of the right hemi-

diaphragm, situated between the dark signal of the lung and the bright signal of the 

liver, can be localized with sufficient reliability. 
 

 

ba

preparation scanning phase preparation scanning phase

without fat saturation with fat saturation

 
 

Figure 2.1: Navigator signal obtained in a volunteer: time is on the x-axis, and 

the lung-liver interface during free-breathing is shown on the y-axis. a: Without 

a fat-saturation prepulse prior to the navigator acquisition, signal foldover 

from excited epicardial fat (dotted arrow) compromises the detection of the 

lung-liver interface. b: If a spectrally selective fat saturation prepulse is 

performed immediately before the navigator acquisition, foldover artifacts from 

excited epicardial fat are minimized. 
 

Coronary Angiograms 

The sensitivity maps, individually acquired for the left and the right coronary system 

during breath-holding, but without ECG triggering, were successfully used to 

reconstruct SENSE data sets. Sample in vivo angiograms are presented in Figure 2.2, 

Figure 2.3 and Figure 2.4. As shown in Figure 2.2 and Figure 2.3, extensive portions 

of the RCA could be visualized both without parallel imaging (Figure 2.2a, Figure 
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2.3a) and with the accelerated acquisition (Figure 2.2b, Figure 2.3b). The signal 

intensity of the right coronaries is slightly enhanced in the conventional examples, 

when compared with the SENSE acquisitions, in particular relative to the aorta and 

the left ventricle. 
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Figure 2.2: Example of a right coronary arterial system obtained in a healthy 

subject without SENSE (a) and with SENSE-R = 2 (b). In addition to the 

extended portion of the RCA, the proximal parts of the LCX and the LAD are 

visible. The application of SENSE did not affect the detection of distal parts of 

the RCA. RV = right ventricle, LV = left ventricle, Ao = aorta. 
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Figure 2.3: Example of a coronary MRA, obtained without SENSE (a) and with 

SENSE-R = 2. Beside the RCA a number of smaller branching vessels are 

depicted (dotted arrows). RV = right ventricle, LV = left ventricle, Ao = aorta. 
 

Images obtained of a left coronary arterial system (Figure 2.4) show comparable 

image quality for R = 2 (Figure 2.4b) and without SENSE (Figure 2.4a). Even small 

branching vessels, as demonstrated on the distal part of the LCX (Figure 2.4, framed 

enlarged region) are visible in both data sets. 
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Figure 2.4: Multi-planar reformatted images of a left coronary arterial system 

acquired with full k-space coverage (without SENSE) (a) and within half of the 

scan time by undersampling k-space by a factor of two (SENSE-R = 2) (b). Both 

methods allow visualization of long portions of the LCX and the LAD, and the 

proximal RCA. Even small branching vessels of the distal LCX could be imaged 

with and without SENSE (enlarged frame, right lower corner). 
 

The image quality rating by the two readers showed no significant difference between 

the MRA’s of the left coronary system acquired with full k-space coverage and with 

two-fold undersampling (Table 2.1). The visualization of the RCA, however, was 

rated as slightly worse with parallel imaging (3.1 ± 0.8, without SENSE; 2.6 ± 0.7 

with R = 2; P < 0.01). 

K-space undersampling by parallel imaging did not reduce the visible length of the 

coronary segments: LAD (54 ± 16 mm, without SENSE vs. 52 ± 16 mm, R = 2), LCX 

(49 ± 12 mm, without SENSE vs. 48 ± 12 mm, R = 2) and RCA (113 ± 34 mm, 

without SENSE vs. 100 ± 33 mm, R = 2). Local vessel sharpness of all three coronary 

segments showed no significant difference between standard scans and the scans with 

R = 2 (LAD: 46.5% ± 9.7% vs. 45.4% ± 6.0%; LCX: 43.6% ± 4.4% vs. 43.9% ± 

3.9%; RCA: 42.7% ± 8.5% vs. 42.7% ± 8.7%) and their diameters did not vary (LAD: 

2.5 ± 0.4 mm vs. 2.5 ± 0.3 mm; LCX: 2.2 ± 0.4 vs. 2.1 ± 0.3 mm; RCA: 2.9 ± 0.5 mm 

vs. 2.9 ± 0.5 mm). 
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Table 2.1:  Image quality parameters 
Segment No SENSE SENSE-R = 2 Significance  

Left main coronary artery 
 visual rating   2.6 ± 0.8    2.3 ± 0.6 NS* 
Left anterior descending coronary artery 
 visual rating   2.6 ± 0.9    2.4 ± 0.8 NS* 
 visible length (mm)    54 ± 16    52 ± 16 NS* 
 diameter (mm)   2.5 ± 0.4   2.5 ± 0.3 NS* 
 vessel sharpness (%) 46.5 ± 9.7 45.4 ± 6.0 NS* 
Left circumflex coronary artery 
 visual rating   2.6 ± 0.9    2.5 ± 0.7 NS* 
 visible length (mm)    49 ± 12    48 ± 12 NS* 
 diameter (mm)   2.2 ± 0.4    2.1 ± 0.3 NS* 
 vessel sharpness (%) 43.6 ± 4.4   43.9 ± 3.9 NS* 
Right coronary artery  
 visual rating   3.1 ± 0.8    2.6 ± 0.7 P < 0.01 
 visible length (mm)  113 ± 34   100 ± 33 NS* 
 diameter (mm)   2.9 ± 0.5    2.9 ± 0.5 NS* 
 vessel sharpness (%) 42.7 ± 8.5  42.7 ± 8.7 NS* 
____________________________________________________________________________________ 
visual rating: 1, poor or uninterpretable; 2, good; 3, very good; 4, excellent 
diameter: average value on most proximal 2cm 
NS*: not significant (Student’s t-test); Note: Data are the mean ± 1 SD 
 

In the additional experiment parallel imaging was used to acquire twice as many 

slices within the same scan time, while increasing the spatial resolution by a factor of 

2 . Results of this examination are shown in Figure 2.5. Comparably high image 

quality is appreciated in the in-plane views of the two data sets acquired without 

SENSE (Figure 2.5b) and with R = 2 (Figure 2.5d). Reduced SNR in the left ventricle 

in the SENSE data is due to elevated geometry factor in that area. In the reformatted 

through-plane reconstruction the doubled number of slices with reduced slice 

thickness (2.2 mm) evidently enhances the delineation of the RCA (Figure 2.5c), 

relative to the conventional data with 3 mm slices (Figure 2.5a). The vessel sharpness 

determination of both scans showed superior vessel sharpness values for the in-plane 

view (48.0% vs. 42.5%, relative increase + 13%) and the through-plane view (53.7% 

vs. 43.9%, relative increase +22%) of the scan with increased spatial resolution. 
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Figure 2.5: Reformatted through-plane (a,c) and in-plane (b,d) views of a RCA, 

where parallel imaging was applied to acquired the double amount of encoded 

slices within the same scan time and simultaneously reduce slice thickness by 

2 . a,b: 20 encoded slices of 3 mm thickness, without SENSE; c,d: 40 encoded 

slices of 2.2 mm thickness, with SENSE-R = 2. 
 

Discussion 

Free-breathing navigator-gated 3D coronary MRA was successfully implemented and 

performed with SENSE (R = 2) on a 3T whole-body MR unit. Previously, in 

experiments at lower field strength, parallel imaging had not been satisfyingly 

applicable for coronary angiography (25). The higher main magnetic field provides 

essential additional SNR to make SENSE useful for coronary MRA. In addition, the 

geometry factors (g) of the sensitivity maps benefit from the higher field strength of 

3T (26) and remained close to one for R = 2, which leads to the conclusion, that 

SNRSENSE was basically reduced by the square root of R, when compared to SNRfull 

[2.2]. The acquisition time of high resolution data sets was reduced by a factor of two 

(~5 min scan time instead of ~10 min for one 3D stack). Although only young healthy 

subjects have been examined so far it might be assumed that especially patients, who 

have difficulties cooperating for long scan durations, will benefit from a scan time 

reduction. The circumstance that patients in general are larger than healthy adult 

volunteers and therefore require a larger FOV does not impose any limitations for the 

application of SENSE. As demonstrated in previous work by Wiesinger et al. (26), the 

critical reduction factor R at a given magnetic field strength even increases with the 

FOV, facilitating parallel imaging. However, parallel imaging can not only be used to 

improve patient comfort by reducing current scan times of 3D coronary MRA. It can 

as well be applied to increase the number of encoded slices without prolonging scan 

times. By acquiring a larger 3D volume, the course of the coronary arteries can be 

better covered in the case of tortuous or branching vessels. By the transition to higher 

through-plane resolution one can approach isotropic 3D coronary MRA, which more 

readily enables the reconstruction of arbitrary views and therefore might be a 
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preferred method for the assessment of coronary artery disease, as suggested in 

previous work by Botnar et al. (27). 

For the visualization of small vessels such as the coronary arteries, accurate detection 

of intrinsic and extrinsic (respiratory) heart motion is crucial. In this study, intrinsic 

motion was accurately traced using a VECG algorithm, with reliable R-wave 

detection. This is worth noting because the error voltages induced in the ECG by 

aortic blood flow scale with field strength and reach problematic levels at 3T. 

Respiratory motion was measured and corrected in real-time using a MR navigator. In 

contrast to a previous report on coronary MRA at 3T (14), where the navigator was 

positioned on the heart, close to the isocenter of the magnet, the navigator in our 

experiments was placed at the dome of the right hemidiaphragm. This was made 

possible by introducing spectrally selective saturation prior to the navigator 

excitation, which suppresses signal from epicardial fat. Without this extra fat 

saturation prepulse, signal excited by the side lobes of the 2D selective navigator 

pulse has been found to blur the transition between liver and lung, making respiratory 

motion detection and real time correction less reliable. 

The assessed image quality parameters showed that coronary MRA combined with 

SENSE is able to compete with angiograms measured without parallel imaging. While 

the comparative visual rating of the data sets by two experienced reviewers yielded no 

significant difference in terms of visibility of the left coronary arterial system, the 

SENSE data of the right coronaries exhibited a minor quality drawback (3.1 ± 0.8 vs. 

2.6 ± 0.7, P < 0.01). One reason for this result is the expected and inevitable SNR loss 

associated with reducing scan time. Some toll on the visual rating of the right 

coronaries may also be attributed to their slightly lower relative pixel intensity in the 

SENSE data. This effect is related to the SENSE reconstruction, which implies 

intensity correction for inhomogeneous net sensitivity of the coil array. In the case of 

the right coronary system, this correction enhances aorta signal relative to the RCA, 

which runs in close proximity of the surface coils. Intensity correction can be 

deliberately avoided in the SENSE reconstruction, e.g. by replacing the body coil 

reference image with the root-sum-of-squares of the array reference data. For the 

purpose of perfectly equalizing image intensity in a comparison between conventional 

and SENSE data, the conventional data may alternatively be subject to intensity 

correction. 

In addition to the visible vessel length, which was similar for the two imaging 

methods, the mean diameters of the proximal 2 cm of three main coronary segments 

(RCA, LAD and LCX) was evaluated and objectively compared. No difference was 

found between the acquisition with full k-space coverage and the acquisition with 

R = 2. This confirms that the combination of coronary MRA and SENSE will not lead 

to over- or underestimation of potential coronary stenoses. 

In the presented scan protocol, reference scanning for sensitivity assessment was 

performed in two consecutive breath-holds of approximately 19 s, which may be 
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regarded as a drawback when applied in patients with limited breath-hold capabilities. 

However, due to the low spatial resolution of the reference scan and the signal 

averages, SENSE reconstruction was not impaired by intrinsic cardiac motion during 

the reference scan acquisition indicating, that imperfect breath-holds and slight drift 

of the diaphragm will also not compromise coil sensitivity mapping. Furthermore, the 

SENSE reference scan could be split into multiple shorter breath-holds or it may be 

performed during free-breathing, as proposed by Weiger et al. (11) for cardiac real-

time imaging. 

Conclusions 

The presented in vivo study demonstrates that parallel imaging performed at 3T can 

substantially reduce acquisition times of high resolution 3D coronary MRA. Using 

SENSE, the overall acquisition duration was reduced by a factor of two, largely 

preserving image quality despite inevitable SNR loss relative to conventional full 

acquisition at 3T. 

For a given task in coronary diagnostics, parallel imaging will be advisable whenever 

the benefits of reducing scan time outweigh SNR concerns. The specific balance in 

this trade-off depends on numerous factors, including the patient’s ability to cooperate 

as well as the size, site and structure of suspected stenoses. Irrespective of these 

individual factors the balance can be significantly shifted by the transition to higher 

field strength, as demonstrated in the present work. At 3 Tesla the added SNR is 

apparently sufficient to make current coronary MRA amenable to substantial 

acceleration. Initial results furthermore illustrate that, besides scan time reduction, 

parallel acquisition can also be used for enhancing given coronary MRA protocols in 

terms of coverage and spatial resolution. 
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2.2 Dual-Stack Angiography with SENSE 

To be submitted as: 

Improved artery delineation in dual-stack 3D coronary MRA by parallel imaging at 
3 Tesla. 
Huber ME, Kozerke S, Boesiger P. 
 

Abstract 

To overcome currently long scan times of three-dimensional (3D) coronary magnetic 

resonance angiography (MRA) performed with navigator gating during free-

breathing, the acquisition of two independent imaging stacks covering the left and 

right coronary system has previously been proposed. However, the prolonged 

sampling duration within the cardiac cycle and the relatively long time delay between 

the respiratory navigator and the acquisition of the second image stack makes the 

protocol sensitive to bulk motion artifacts. 

By the combination of this dual-stack acquisition with a parallel imaging technique 

performed at 3 Tesla, the sampling duration of each 3D image stack was shortened by 

factor of two, correspondent to the reduction factor of the applied sensitivity encoding 

(SENSE). As a benefit the time delay between the navigator, respectively T2 

preparation and the second image stack was substantially reduced by 37%, relative to 

conventional dual-stack angiography without parallel imaging. 

The proposed technique was implemented and tested in phantom and in vivo 

experiments. Results obtained from six healthy subjects indicate, that the optimized 

sequence timing successfully supports the simultaneous acquisition of high resolution 

angiograms from the left and right coronary system at improved vessel sharpness. 
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Introduction 

Coronary MRA performed during free-breathing and with respiratory navigator gating 

for real time motion compensation has shown to be a promising technique the 

visualization of potential coronary artery disease (1). The limited scan efficiency by 

the short data acquisition window of relative intrinsic cardiac rest during mid-diastole 

(2) and a respiratory gating efficiency of 50% in average can be considered as a 

drawback of this approach, making scan times relatively long (~10 minutes for one 

3D scan). The overall examination time is further prolonged, taking into account, that 

the data acquisition of the left and the right coronary arterial system has to be 

performed in two separate scans. 

An improvement in scan efficiency and a reduction of the scan time can be achieved 

by the simultaneous acquisition of multiple independent 3D image stacks, covering 

the main vessels of both coronary systems, as first presented by Manke et al. (3). 

Since the two independent stacks are favorably measured consecutively during mid-

diastole, the overall data acquisition time within one cardiac cycle is prolonged by a 

factor of 2, relative to a conventional single stack approach (4). Thus, conventional 

dual-stack angiography is more sensitive to artifacts by cardiac and respiratory 

motion. In addition, only one respiratory navigator is measured prior to the acquisition 

of the first 3D stack and the determined diaphragmatic displacement is used to 

subsequently calculate the real-time motion correction for both successively sampled 

image stacks. However, for image quality in free-breathing navigator-gated coronary 

MRA with real-time motion correction a short time delay between the navigator 

acquisition and the actual scanning phase is crucial, as demonstrated by previous 

investigations (5). 

We therefore thought to combine this conventional dual-stack approach for coronary 

MRA with a parallel imaging technique such as Sensitivity Encoding (SENSE) (6) in 

order to reduce the acquisition time of each image stack. This enables to acquire MR 

data from both 3D stacks within the same cardiac rest period as in a common single 

stack protocol (4), thereby minimizing intrinsic cardiac motion by avoiding data 

acquisition during late diastole. Simultaneously, real-time motion correction can 

benefit from a reduced time delay between the navigator acquisition and the secondly 

sampled image stack.  

To address for the signal-to-noise ratio (SNR) loss by parallel imaging, the 

measurements were performed at a higher static magnetic field strength of 3 Tesla. As 

recently demonstrated, the additional SNR at 3T (7-9) provided essential premises for 

a successful application of SENSE to coronary MRA (10). The proposed combination 

of dual-stack angiography and parallel imaging was tested in experiments with a 

moving phantom and in measurements on six healthy adult subjects. 
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Methods 

Dual-stack sequence 

Dual-stack coronary MRA with SENSE was implemented for a 3D segmented k-space 

gradient echo imaging sequence (TR = 8.1 ms, TE = 2.4 ms, RF excitation angle 

α = 25°) with navigator gating and prospective motion correction (Figure 2.6b). Each 

image stack was sampled with a radial 3D k-space acquisition order with priority to 

lower ky and kz profiles, as previously described (9). Ten slices per stack were 

measured with a slice-thickness of 3 mm and reconstructed to twenty slices of 1.5 mm 

thickness using zero-filling. The field-of-view (FOV) of 360 × 270 mm2 was sampled 

with a 512 × 343 image matrix, resulting in an in-plane spatial resolution of 

0.7 × 0.8 mm2. Navigator acquisition and T2 preparation (T2Prep) for signal 

attenuation of myocardial muscle (4, 11) were performed only once per cardiac cycle, 

immediately prior to the acquisition of the first image stack, while spectrally selective 

fat saturation prepulses were applied prior to the navigator (10) and before both 3D 

stacks. 
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Figure 2.6: Dual-stack pulse sequence for free-breathing, navigator-gated and 

–corrected, 3D coronary MRA. The elements of the sequence (T2Prep, fat 

saturation prepulses (Fat-Sat), Navigator, 3D acquisition stacks A and B) are 

shown relative to the cardiac cycle. a) Conventionally, two independent 3D 

stacks consisting of 10 RF excitations each are sampled consecutively during 

mid-diastole. b) Applying SENSE-R = 2 enables to reduce the acquisition 

duration of each 3D stack by a factor of two. Simultaneously, the time delay 

between the navigator and image stack B could be shortened from 136 ms down 

to 85.5 ms. 
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In the conventional dual-stack approach without parallel imaging (Figure 2.6a), 

applying 10 RF excitations pulses per cardiac cycle and stack resulted in an 

acquisition time of 81 ms per stack and a time delay between the navigator acquisition 

and the first image stack of 45 ms, respectively 136 ms for the second image stack. 

Further, image contrast of the second stack could only little benefit from the T2Prep, 

applied only once prior to the navigator. Performing the dual-stack technique with a 

SENSE reduction factor (R) of two, (Figure 2.6b) enabled to reduce the number of RF 

excitations per stack (5 instead of 10) by the reduction factor R. As a result, the 

acquisition time of each stack was reduced to 40.5 ms and the time delay between the 

navigator, respectively T2Prep and the second image stack reduced to 85.5 ms, 

respectively 95.5 ms. 

Imaging was performed on a 3T whole-body compact MR unit (Intera 3T, Philips 

Medical Systems, Best, The Netherlands) equipped with a MASTER gradient system 

(30 mT/m; 150 mT/m/ms), a prototype send-receive body coil and a six element 

prototype cardiac receiver coil array. For signal detection, the receiver coils were 

positioned according to a previously reported setup for cardiac SENSE imaging (12): 

two receiver coils elements in anterior position, two in posterior position and one 

additional element on each lateral side of the subject. Additional system equipment 

consisted of a vector ECG (13) for reliable R-wave detection and cardiac triggering. 

Moving Phantom Experiments 

To investigate the benefit of the reduced acquisition window and the minimized 

navigator time delay in dual-stack imaging with SENSE, experiments with a moving 

phantom were performed. The phantom head, loaded with a MnCl2 doped water 

bottle (T1 = 250 ms) and a small tube (4 mm diameter) filled with Gd-doped water 

(T1 = 170 ms), representing a coronary vessel, performed a periodic translational 

displacement (11 cycles/min), simulating respiratory motion. The in-plane spatial 

resolution of the triggered 3D measurements (simulated heart rate = 75 bpm) was 0.8 

× 0.8 mm2 and 5 slices of 2 mm slice thickness were acquired. As a base line 

measurement, conventional dual-stack imaging without application of parallel 

imaging was first performed, as described above (Figure 2.6a). Then, the modified 

dual-stack method with SENSE-R = 2 and half of the RF excitations (5 instead of 10) 

per simulated cardiac cycle was applied (Figure 2.6b). To allow for SENSE imaging, 

four elements of the prototype receiver coil array were positioned around the phantom 

head. With TR = 8.1 ms and TE = 2.0 ms the timing scheme of the phantom 

measurements and the following in vivo scans were identical. 

In vivo protocol 

To comprehend findings of the phantom experiments in vivo, dual-stack coronary 

angiography was first performed with both the conventional method (Figure 2.6a) and 

the combined SENSE approach (Figure 2.6b) in one healthy subject. Subsequently, 



PARALLEL IMAGING IN CORONARY MRA AT 3 TESLA 71 

the dual-stack protocol with SENSE-R = 2 was tested on six healthy adult volunteers 

(three males and three females, mean age 25 ± 2 years). 

SENSE image reconstruction requires information about the spatial sensitivity of each 

single receiver coil element. To determine these spatial coil sensitivities, a SENSE 

reference scan was acquired previously to dual-stack angiography. The scan consisted 

of a low resolution 3D gradient sequence (TR = 4.0 ms, TE = 0.6 ms, α = 7°, 6 serial 

signal averages) performed with both the receiver coil array and the body coil. 

Despite the low image resolution (16 × 16 × 16 mm3), the amount of data mandatory 

for SENSE reconstruction was augmented by the large field-of-view (510 × 510 × 528 

mm3) necessary to include the two rather oppositely oriented and angulated 3D stacks, 

covering the left and right coronary system. Therefore an to keep scan duration as 

short as possible, the reference scan was performed without cardiac triggering, as 

suggested by Weiger et al. (12) for cardiac real-time applications. However, since data 

of the coronary angiograms is sampled only during end-expiratory diaphragm 

positions, the SENSE reference scan was acquired during two serial breath-holds of 

17 seconds. 

Based on a previously described 3D localizer scan the two double-oblique oriented, 

independent image stacks were aligned along the left and the right coronary arteries 

using a three-point plan-scan tool (14). The scans were performed cardiac triggered 

with navigator-gating and correcting (5 mm gating window) during free-breathing. 

During mid-diastole the first of the two 3D stacks was acquired, covering the left 

main artery (LM), the left anterior descending artery (LAD) and the left coronary 

circumflex (LCX). Data from the 3D measurement volume aligned along the right 

coronary artery (RCA) was sampled consecutively to the first stack. 

Evaluation 

For quantitative evaluation of image quality, the phantom and in vivo MR data sets 

were multi-planar reformatted and local edge definition was evaluated, using a semi-

automated coronary reformatting and analysis tool (15). The calculation of edge 

definition (= vessel sharpness) as earlier describe by Botnar et al. (4) utilizes a 

Deriche algorithm (16) to determine the local change in signal intensity along the 

vessel border. A vessel sharpness of 100% refers to a maximum signal intensity 

change at the vessel border. To determine, whether the vessel sharpness values were 

correlated to the acquisition order of the two image stacks, the sharpness values of the 

LAD and the LCX were compared with the values measured on the RCA by means of 

a paired Student’s t-test. 

As a second quantitative value the visual length of the three main coronary vessels 

was measured. All assessed image quality parameters are given as the mean value 

plus or minus one standard deviation of the mean (± 1 SD). 
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Results 

Moving Phantom Experiments 

Results from the experiments, comparing the conventional dual-stack method  

(Figure 2.7a and c) with the dual-stack SENSE combination (Figure 2.7b and d), are 

given in Figure 2.7. The visually comparison of the two approaches yields comparable 

image quality for the data acquired with the first 3D stack (Figure 2.7a and b). In the 

image measured during the second 3D stack without SENSE (Figure 2.7c), the edges 

of the Gd-doped water tube appears more blurred (dotted arrow), relative to the edge 

quality achieved with the dual-stack SENSE approach. 
 

 

conventional with SENSE

Stack A

Stack B

a b

c d
 

Figure 2.7: Results from the motion phantom experiments, comparing the 

conventional dual-stack approach (a,c) with the SENSE enhanced protocol 

(b,d). a,b: segment of the Gd-doped water tube, sampled during the first 3D 

stack. c,d: Images of the tube, acquired during the second 3D stack. Without 

parallel imaging, the edges of the tube appear more blurred (dotted arrow), due 

to the less optimized sequence timing. 
 

Evaluating local edge sharpness along 8cm of the Gd-doped water tube acquired with 

the first of the two stacks, showed similar values for the conventional dual-stack 

imaging as for the modified SENSE approach (83.0% vs. 82.4%). For both scans, 

edge values present in the second stack were reduced when compared with the values 

of the image stack, sampled first in time. However, with a sharpness value of 76.0%, 

edge quality in the parallel imaging approach was less compromised then in the 

conventional dual-stack method, yielding an edge sharpness of 71.7%. 

In Vivo Study 

Figure 2.8 displays the angiogram of the right coronary system obtained in a first 

comparative in vivo measurement, where dual-stack coronary MRA was performed 

without parallel imaging (a) and with SENSE-R = 2 for a reduction of the acquisition 
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window within the cardiac cycle. Both images are characterized by a clear delineation 

of the RCA. The visual comparison of the two angiograms however shows that the 

coronary vessel appears less blurred, if data sampling was limited to a shorter time 

window of the of mid-diastole. In addition, signal from myocardial muscle (dotted 

arrows) is attenuated in the scan with SENSE, resulting in a better differentiation from 

arterial blood of the coronary. 
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Figure 2.8: Example angiogram obtained with the secondly sampled 3D stack, 

covering the right arterial system. a) Original dual-stack approach without 

application of parallel imaging. b) Dual-stack method combined with SENSE-R 

= 2. The reduced cardiac acquisition window and the shorter time delay 

between the navigator and the second image stack improve vessel sharpness of 

the RCA and enhance T2 contrast within the myocardial muscle (dotted arrow). 

RV = right ventricle, LV = left ventricle. 
 

Quantitatively assessed quality parameters yielded similar vessel sharpness values for 

the LAD (41.7% vs. 42.1%) and the LCX (42.9% vs. 42.1%), meanwhile a higher 

value was observed for the RCA (46.1% vs. 50.8%) acquired with the dual-stack 

SENSE approach. Total visible length of the three main coronary vessels 

corresponded well for the two methods: LAD (85 mm vs. 82 mm), LCX (46 mm vs. 

47 mm) and RCA (140 mm vs. 137 mm). 

In all six performed in vivo experiments, the combination of dual-stack coronary 

MRA with SENSE-R = 2 enabled to acquired high resolution angiograms covering 

both left and right coronary arterial systems. Example angiograms are given in Figure 

2.9. All images clearly visualize the coronary arteries and even smaller-diameter 

branching vessels (dotted arrows). The sequential order of the acquired image stacks 

is apparent by a saturation stripe across the images depicting the right coronary 

system (Figure 2.9b and d), originating from the pre-saturation by the first acquired 

3D volume covering the left coronary system (Figure 2.9a and c). 
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Figure 2.9: Dual-stack 3D coronary MRA combined with SENSE-R = 2 

acquired in two healthy subjects. The left (a, c) and right (b, d) coronary system 

was simultaneously imaged during equal total scan time as a conventional 

single stack measurement, covering only one of the two coronary systems. The 

voxel size of 0.7 × 0.8 × 3.0 mm3 supported the visualization of even small 

branching vessels (dotted arrows). The saturation stripes across the aorta (Ao) 

in Figures b and d indicate the intersection with the first acquired stack. 
 

Following vessel sharpness values were found for the in vivo scans: LAD = 49.7 ± 

10.1 %, LCX = 45.1 ± 8.4 % and RCA = 44.1 ± 5.6 %. The comparison of the 

sharpness values for both image stack locations showed higher vessel sharpness 

values for the LAD (+13%) and the LCX (+2%), when compared with the RCA. 

However, the differences were found to be not statistically significant. The overall 

visible vessel length was 58 ± 16 mm for the LAD, 49 ± 9 mm for the LCX and 105 ± 

29 mm for the RCA. 

Discussion 

Parallel imaging applied for dual-stack 3D coronary MRA at 3 Tesla enabled to 

reduce the acquisition window of each consecutively sampled 3D stack by a factor of 

two, relative to a conventionally implemented dual-stack approach. 

Experiments with a moving heart phantom comparing the conventional dual-stack 

imaging with the SENSE enhanced approach indicated, that reducing the number of 

applied RF excitations per stack from 10 to 5 had no direct influence on local edge 

definition (difference < 1%) of the first sampled 3D stack. The shortened acquisition 

duration however enabled a remarkable reduction of the time delay between the 
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navigator and the secondly measured image stack by 37%. As a consequence, edge 

sharpness in the later acquired data set showed a 6% increased value for the parallel 

imaging approach, relative to the conventional dual-stack sequence. These findings 

were consistent with previous reported investigations by Spuentrup et al. (5, 17) about 

the importance of a minimized navigator delay time for improved vessel sharpness. 

The results from the phantom experiments were also in good agreement with the 

observations, derived from the in vivo comparison of the two methods, initially 

performed in one healthy volunteer. While vessel sharpness values of the LAD and 

LCX were more or less identical for the two techniques (difference < 2%), the RCA 

covered by the second image stack showed an increased vessel sharpness (+10%) for 

the SENSE approach with the minimized navigator delay time. But applying SENSE 

did not only reduce navigator delay time by 37%, but also the time between T2 

preparation and the second image stack. As a benefit, attenuated signal of the 

myocardial muscle positively enhanced image contrast (Figure 2.8b) relative to the 

conventional method (Figure 2.8a). 

The performance of dual-stack coronary angiography with SENSE-R = 2 was tested 

in vivo, on six healthy adult subjects. All performed measurements were able to 

visualize the LAD, the LCX and the RCA with high spatial resolution. The vessel 

sharpness quantification showed only slightly increased values for the coronaries, 

acquired during the first image stack when compared with the RCA, measured during 

sampling of the second stack. However, the observed differences were not found to be 

statistically significant, emphasizing once more the benefit of a reduced navigator 

delay time on vessel delineation of the RCA. This impression was further supported 

by the comparison of the results with analyses of 3T coronary MRA obtained in a 

previous study on eleven healthy subjects (10), yielding similar vessel sharpness 

values for the coronary arteries: LAD = 46.5 ± 9.7 %; LCX = 43.6 ± 4.4 %; RCA = 

42.7 ± 8.5 %. Comparing total visible vessel length with the findings of these previous 

investigations (LAD = 54 ± 16 mm; LCX = 49 ± 12 mm; RCA = 113 ± 34 mm) 

indicate again, that image quality of coronary angiograms obtained with a dual-stack 

method and SENSE-R = 2 at 3T is able to compete with conventionally acquired 

single-stack coronary MRA. 

Conclusions 

Experiments with a periodically moving phantom and measurements in vivo showed, 

that the acquisition of the second image stack in conventional free-breathing dual-

stack 3D coronary MRA is sensitive to motion, occurring during the prolonged time 

delay between the respiratory navigator and the data acquisition phase. Applying 

SENSE-R = 2 shortened the sampling duration of each image stack by a factor of two 

and simultaneously reduced the time delay between the navigator, respectively 

T2Prep and the second image stack by 37%, relative to the conventional dual-stack 
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approach. As a benefit of the minimized sequence timing vessel sharpness showed 

comparable values as known from previous single stack coronary MRA studies. The 

improved dual-stack protocol was successfully tested on six healthy volunteers, 

enabling simultaneous visualization of the left and right coronary arteries during same 

total scan time, as required for conventional single stack angiography without parallel 

imaging, covering only one side of the coronary artery system. 
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3.1 Intravascular Contrast Agent: Sequence 
Optimization 
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Abstract 

In three-dimensional (3D) coronary magnetic resonance angiography (MRA) the in-

flow contrast between the coronary blood and the surrounding myocardium is 

attenuated when compared to thin-slab two-dimensional (2D) techniques. The 

application of a gadolinium based intravascular contrast agent may provide an 

additional source of signal and contrast by reducing T1blood and supporting the 

visualization of more distal or branching segments of the coronary arterial tree. In six 

healthy adults, the left coronary arterial (LCA) system was imaged pre and post 

contrast with a 0.075mmol/kg bodyweight dose of the intravascular contrast agent 

B-22956. For imaging an optimized free-breathing, navigator-gated and corrected 3D 

inversion recovery (IR) sequence was used. For comparison, state-of-the-art baseline 

3D coronary MRA with T2 preparation for non-exogenous contrast enhancement was 

acquired. The combination of IR 3D coronary MRA, sophisticated navigator 

technology and B-22956 allowed for an extensive visualization of the LCA system. 

Post contrast a significant increase of both signal-to-noise ratio (46%, P<0.05) and 

contrast-to-noise ratio (160%, P<0.01) was observed while vessel sharpness of the left 

anterior descending artery and the left circumflex were improved by 20% (P<0.05) 

and 18% (P<0.05), respectively. 
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Introduction 

One of the end points in coronary magnetic resonance angiography (MRA) is the 

accurate identification of significant luminal coronary disease. Together with 

compensation of motion, it is crucial that coronary arteries display with sufficient 

signal and high contrast when compared to the surrounding myocardial muscle and 

the epicardial fat. While the fat signal can successfully be suppressed using a 

spectrally selective saturation pre-pulse (1), the optimization of the contrast between 

the coronaries and the surrounding myocardium still remains challenging. Three-

dimensional (3D) imaging techniques, which have inherent advantages (2-5) 

including superior signal-to-noise and the acquisition of thin adjacent slices, cannot 

take adequate advantage of inflow effects from unsaturated spins. 

Brittain et al. (6) proposed a T2 preparation pulse (T2Prep) for endogenous contrast 

enhancement between coronary blood and the myocardium. This technique was 

successfully combined with 3D free-breathing navigator-gated and corrected gradient-

echo coronary MRA by other investigators (7), and has been successfully applied in 

an international multicenter clinical trial (8).  

An alternative for contrast enhancement in coronary MRA includes the combination 

of a 3D fast spin-echo imaging technique with a dual-inversion pre-pulse for black-

blood coronary MRA (9, 10). Using this approach, the coronary lumen appears signal 

suppressed while signal from the coronary vessel wall, myocardial muscle and 

epicardial fat appear signal enhanced. 

While the above methods exploit endogenous contrast enhancement mechanisms for 

coronary MRA, exogenous contrast enhancement can be obtained using contrast 

agents (11-15). When compared to conventional first pass contrast-enhanced 

angiography with extracellular contrast agents, the amount of data required for 3D 

coronary MRA at high spatial resolution can not be acquired during the arterial bolus 

phase. Extracellular contrast agents quickly extravasate into extracellular space, 

thereby not only increasing the longitudinal relaxation rate of blood but also that of 

myocardium. Therefore, intravascular contrast agents with prolonged half-life period 

in blood and a reduced leakage into the interstitial compartments are currently under 

development (16-18). The use of these agents results in a favorable T1 difference 

between blood and myocardium and provides a sufficiently long time window of 

opportunity for the acquisition of a 3D data set during free-breathing. 

In the present work, a free-breathing navigator-gated coronary MRA methodology 

was implemented for enhanced coronary MRA using the intravascular contrast agent 

gadolinium (Gd)-based chelate B-22956 (16) (Bracco Imaging S.p.A., Milan, Italy). 

The proposed technique was investigated in six healthy adult volunteers and 

compared to baseline T2Prep coronary MRA without exogenous contrast 

enhancement (8, 19). 
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Methods 

Protocol 

The study group consisted of six consecutive healthy adult subjects (male, mean age 

27 ± 5 years) without history of cardiovascular disease. Written informed consent was 

obtained from all subjects, and the research protocol was approved by the hospital's 

committee on clinical investigation. All examinations were performed on a 1.5T 

Philips Gyroscan ACS-NT system (Philips Medical Systems, Best, The Netherlands), 

equipped with a PowerTrak6000 gradient system (23mT/m; 219 µsec rise time), a 5-

element cardiac synergy-coil, and a vector ECG module (20). In each subject, a 3D 

MRA of the left coronary arterial system was performed twice: first a baseline T2Prep 

coronary MRA (19) (Figure 3.1a), followed by a contrast agent enhanced inversion 

recovery (IR) coronary MRA (21) (Figure 3.1b) for comparison. 

 

TRIGGER DELAY
T

2 
P

re
p

ECG

In
ve

rs
io

n

N
av

R
es

to
re

N
av

ig
at

or

F
at

-S
at

3D TFE

30ms 15ms 75ms

N
av

ig
at

or

F
at

-S
at

3D TFE

50ms

TI

a: T2Prep

b: CA

 
Figure 3.1: Schematic of the pulse sequences used for free-breathing navigator-

gated and corrected 3D coronary MRA with baseline endogenous T2Prep 

contrast enhancement (a). The sequence elements (T2Prep, Navigator, fat 

saturation prepulse (Fat-Sat), 3D TFE acquisition) are shown together with the 

electrocardiogram (ECG). In the pulse sequence for the contrast agent 

acquisition the T2Prep element is replaced by the inversion pre-pulse and the 

navigator-restore (NavRestore) pre-pulse. These sequence elements are 

performed prior to the imaging part. The inversion time (TI) refers to the time 

delay between the 180°-inversion pulse and the first RF excitation of the 

acquisition with centric k-space acquisition. 
 

In one volunteer, a right coronary system was acquired with inversion-recovery 

coronary MRA both pre and 20min post contrast agent administration. All scans were 

performed with navigator gating (5mm gating window) and real-time motion 

correction (22) during free-breathing. 
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Triggered navigator preparation phase 

For navigator-gated scans a preparation phase of serial navigator excitations is 

commonly performed prior to coronary MRA data acquisition (7). This is used to 

determine the most superior end-expiratory position of the diaphragm and for the 

definition of a reference navigator signal for cross-correlation (23). During subsequent 

coronary MRA data acquisition, this reference level (=gating level) is used to define 

the relative respiratory diaphragmatic excursion as identified by the navigator. In the 

past, these navigator preparation phases were executed untriggered and with a short 

TR to ensure an adequate sampling of the respiratory time curve. Using this approach, 

steady state magnetization at the lung liver interface may not be identical as during 

the coronary MRA data acquisition phase in which the navigator signal is acquired R-

wave triggered and once per RR interval. This results in an inconsistent navigator 

lung-liver interface position detection between preparation phase and scanning phase 

as shown in Figure 3.2a. This effect may even be amplified if non-selective pre-pulses 

such as an inversion or a T2Prep precede the navigator during coronary MRA data 

collection. 
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Figure 3.2: Navigator preparation phase in a volunteer: Time is on the x-axis 

and the lung-liver interface during free-breathing is shown on the y-axis. a) 

Saturation effects from the short TR during the preparation phase lead to an 

inconsistent detection of end-expiration during the preparation and the 

scanning phase (arrows). b) When the preparation phase is performed ECG-

triggered, equal magnetization conditions between the preparation phase and 

the scanning phase are guaranteed, resulting in a consistent detection of end-

expiration (arrows). 
 

For this reason, and to obtain equal magnetization conditions at the lung-liver 

interface for both the preparation and the acquisition phase, the software was extended 

and magnetization preparation pulses (T2Prep and IR) were also executed during an 

ECG-triggered navigator preparation phase of 20 RR intervals. Therefore, in Figure 

3.2b, inconsistencies (in the navigator detected lung-liver interface position detection) 

between preparation phase and scanning phase are therefore no longer seen. 
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Scout Scanning  

Prior to the T2Prep acquisition two localizer scans were performed. The first of these 

localizer scans was a multislice 2D segmented gradient echo technique with a 

transverse, sagittal and coronal slice orientation. Based on these images the navigator 

was localized on the dome of the right hemidiaphragm and the transverse 3D 

acquisition volume for the second scout was localized at the level of the coronary 

ostia. The second localizer scan was an earlier described free-breathing, navigator 

gated and corrected ultra fast interleaved 3D gradient-echo-planar imaging sequence 

(TFE-EPI) (19). Volume targeting for the subsequent high resolution 3D T2Prep and 

contrast agent enhanced scans along the major axis of the left coronary arterial system 

was obtained using a previously described 3-point planscan tool (19). 

T2Prep acquisition without exogenous contrast enhancement 

A free-breathing navigator-gated and corrected 3D segmented k-space gradient echo 

sequence (TR 7.5ms; TE 2.1ms; bandwith 135Hz/pixel) with a centric-ordered k-

space acquisition scheme (priority for low ky profiles) was used for baseline coronary 

MRA. Ten ky phase-encoding steps were sampled in the inner loop of the experiment 

during mid-diastole of each RR-Interval (acquisition window 75ms) (24). The T2Prep 

for endogenous contrast enhancement (TE=50ms) was immediately followed be the 

navigator (25) and a spectrally selective fat-suppression pre-pulse (Figure 3.1a). A 

field of view (FOV) of 360mm and a 512x360 scan matrix yielded an in-plane voxel 

size of 0.7 x 1.0 mm. Undersampling in ky-direction by a factor of 0.75 (rectangular 

FOV) led to 270 ky profiles per kx-ky subplane. A 39 mm thick volume including 13 3 

mm (effective slice thickness) thick slices was acquired. In total, this necessitates a 

scanning time of 351 (27 x 13) real-time navigator accepted RR intervals. During 

reconstruction, 26 1.5 mm thick slices were interpolated using zero filling in kz-

direction. To account for slice profile imperfections associated with large volume 

excitations, the six most peripheral slices were rejected and only the 20 center slices 

(30 mm thick slab) were used for subsequent analysis. 

IR scan with the contrast agent B-22956 

The imaging portion of the sequence for the contrast agent enhanced scan was 

unchanged when compared to the free-breathing navigator-gated and corrected 3D 

T2Prep sequence. For enhanced image contrast between the blood-pool and the 

myocardial muscle, the T2Prep was replaced by a nonselective inversion pre-pulse 

followed by an inversion delay (TI=180ms) to allow for signal-nulling of the 

myocardium (Figure 3.1b). 

Since the inversion preparation is non slice-selective, it may adversely affect the 

magnetization used for navigator lung-liver interface detection. After inversion and at 

the time point of the navigator signal acquisition, the longitudinal magnetization of 

the lung-liver interface is substantially reduced thereby compromising navigator 
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performance. We therefore have implemented a previously described 2D selective 

180° navigator-restore pre-pulse (Nav-Restore) (10), which locally reinverts the 

longitudinal magnetization at the lung-liver interface immediately after the inversion 

prepulse. 

For the contrast-enhanced examination, 0.075 mmol/kg body weight of a 0.25 M 

solution of  the new intravascular, low-molecular-weight Gd-based chelate coded 

B-22956 (Bracco Imaging S.p.A., Milan, Italy) were intravenously administered at a 

rate of 10 ml/min. Contrast enhanced coronary MRA data acquisition was initiated 5 

min after the end of the contrast agent administration. The characteristics of B-22956 

are its high affinity to plasma proteins such as human serum albumin and its high 

vascular containment (16). As a consequence, the limited extravasation into the 

extravascular space results in a favorably increased intravascular concentration of the 

contrast agent and therefore in a higher relaxation rate of the blood pool and a minor 

effect on the relaxation rate of the myocardium. As documented in a previously 

reported in vivo study performed with B-22956 (26), the T1blood increased from 55 to 

113 ms during 30 min after administration of the contrast agent. 

Evaluation 

Multiplanar reformatting and quantitative coronary analysis (signal-to-noise ratio 

(SNR), contrast-to-noise ratio (CNR) and vessel sharpness) were performed using a 

previously described ‘soap-bubble’ coronary reformatting and analysis tool (27). 

SNR and CNR 

SNR evaluation in the arterial blood (SNRBlood) and in the myocardium (SNRMuscle) as 

well as CNR quantification between blood and myocardium were performed on the 

raw images of all acquired data sets. SNRBlood was calculated as the ratio IBlood/NBACK 

of the mean signal intensity (IBlood) measured in a region-of-interest (ROI) of the 

proximal left anterior descending (LAD) and the standard deviation (of a Gaussian 

distribution fit) of the background noise (NBACK) (28). For the quantification of 

SNRMuscle and the CNR, the mean signal intensity (IMuscle) of a second ROI positioned 

on the left ventricular muscle was obtained. Subsequently SNRMuscle was calculated as 

IMuscle/NBACK and the CNRBlood-Muscle as (IBlood - IMuscle)/NBACK. 

In addition, CNR between the great cardiac vein (GCV) and the myocardium was 

determined. Therefore, the mean signal intensity (IGCV) within a ROI on the GCV was 

calculated and the CNRGCV was evaluated as (IGCV – IMuscle)/NBACK. 

Vessel Sharpness 

The local vessel sharpness was quantified utilizing a Deriche algorithm (7,27,29). The 

algorithm calculates an edge image using a first-order derivative of the image data. 

The local value in the Deriche image represents the magnitude of local change in 

signal intensity (= vessel sharpness, vessel edge value). The vessel sharpness was 
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determined along the user-specified proximal coronary segments of both the LAD and 

the left coronary circumflex (LCX). A vessel sharpness of 100% refers to a maximum 

signal intensity change at the vessel border. Lower edge values are consistent with 

inferior vessel sharpness. 

Statistics 

All the objectively assessed parameters are given as the mean values plus or minus 

one standard error of the mean (SEM). The T2Prep baseline data and the IR scan with 

B-22956 were compared by means of a two-tailed paired Student's t-test. P-values of 

≤ 0.05 were considered statistically significant. 

Results 

All examinations with and without administration of intravascular contrast agent were 

successfully completed. 

Navigator 

Figure 3.3 displays the navigator signal of both the T2Prep and the contrast enhanced 

scans. Navigator signal sampling was performed cardiac triggered during each RR 

interval. The figure shows the navigator signal obtained from the same volunteer 

during the T2Prep scan (Figure 3.3a) and the contrast agent-enhanced IR scan (Figure 

3.3b). Grayscale window and level for both Figure 3.3a and b are identical. For the 

B-22956-enhanced scan a bright liver signal can be appreciated which supports lung-

liver interface detection. The application of the pre-pulses (T2Prep and IR/Nav-

Restore) during the ECG-triggered navigator preparation phases ensured a consistent 

steady state magnetization on the lung-liver interface during the preparation phase and 

the scanning phase as documented in the Figure 3.2b and Figure 3.3. The modified 

navigator preparation performed well in all subjects for both the baseline T2Prep and 

the contrast agent enhanced IR scan with a resulting overall navigator efficiency of 

45%. 
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Figure 3.3: Navigator signal obtained in one volunteer. Time is on the x-axis 

and the lung-liver interface during free-breathing of this volunteer is shown on 

the y-axis. For the determination of the end-expiratory position, the preparation 

phase of the navigator is performed ECG-triggered and with the application of 

the magnetization pre-pulses: a) T2Prep; b) IR and Nav-Restore prepulses. 

SNR and CNR 

The evaluation of the B-22956-enhanced IR coronary MRA showed an SNRBlood of 

29.6 ± 2.8 (Table 3.1). This was a significant improvement of 46% when compared to 

the baseline T2Prep images with an SNRBlood of 20.3 ± 2.0 (P<0.01). On the other 

hand, the comparison of the SNRMuscle of the two techniques showed a significantly 

reduced muscle signal (65%, P<0.01) for the contrast agent enhanced scan (4.0 ± 0.4 

vs. 11.5 ± 1.1). A 160% enhancement of CNRBlood-Muscle could further be found post 

contrast (24.2 ± 2.1 vs. 9.3 ± 0.8, P<0.01). This is consistent with the visual findings 

in the Figure 3.5 and Figure 3.6. 

Table 3.1:  SNR / CNR In Vivo Results* 
 T2Prep B-22956 Increase Significance 
  

SNR Blood 20.3 ± 2.0 29.6 ± 2.8     +46% P < 0.01 
SNR Muscle 11.5 ± 1.1   4.0 ± 0.4     −65% P < 0.01 
CNR Blood-Muscle   9.3 ± 0.8 24.2 ± 2.1   +160% P < 0.01 
CNR GCV   2.0 ± 0.6 24.8 ± 2.2 +1240% P < 0.01 
Vessel Sharpness (%) LCX 46.1 ± 2.2 54.5 ± 3.8     +20% P < 0.05 
Vessel Sharpness (%) LAD 47.0 ± 4.8 56.4 ±4.2     +18% P < 0.05 
  

*Data are the mean ± SEM. 
 

CNRGCV could only be evaluated in 5 subjects. In one case, the GCV on the baseline 

T2Prep images could not be identified for analysis. The IR sequence in conjunction 

with contrast agent showed a twelve-fold increase in CNRGCV (24.8 ± 2.2) compared 

to the baseline T2Prep acquisition (2.0 ± 0.6, P < 0.01). 
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Vessel Sharpness 

Contrast agent-enhanced IR MRA resulted in significantly improved vessel sharpness 

of the LCX and the LAD when compared to baseline T2Prep angiography (Table 3.1). 

The vessel sharpness for the LCX increased from 46.1 ± 2.2 (T2Prep) to 54.5 ± 3.8 

post contrast (P<0.05). For the LAD, vessel sharpness post contrast increased from 

47.0 ± 4.8 (T2Prep) to 56.4 ±4.2 (contrast-enhanced) (P<0.05). 

Coronary Angiograms 

The effect of the contrast agent in the presence of an inversion-recovery pre-pulse is 

shown in Figure 3.4. Prior to the administration of the contrast agent (Figure 3.4a) the 

inversion pre-pulse saturates both the blood-pool and the myocardium while no visual 

contrast between the blood-pool and the myocardium is seen. However, using the 

identical technique after administration of the contrast agent, a substantial visual 

contrast with a signal suppressed myocardium and a signal enhanced blood-pool is 

apparent (Figure 3.4b) and a long contiguous segment of the right coronary artery 

(RCA) can be visualized. 
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Figure 3.4: IR free-breathing coronary MRA of the RCA (a) before (IR PRE-

CONTRAST) and (b) 20min after (IR-POST-CONTRAST) administration of 

contrast agent. a: Precontrast, the use of the inversion prepulse does not 

support contrast enhancement. b: Postcontrast, the use of the inversion prepulse 

results in a substantial contrast enhancement between the blood-pool and the 

myocardium while a long segment of the RCA is visible. 
 

A comparison of baseline T2Prep scans and contrast agent enhanced IR scans 

obtained in two different subjects are presented in the Figure 3.5 and Figure 3.6. 
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Figure 3.5: Multiplanar reformatted images of (a) the T2Prep acquisition and 

(b) the contrast agent-enhanced acquisition obtained in the same volunteer. 

Combination of B-22956 and IR 3D coronary MRA improved visibility of LAD, 

LCX and GCV and depicts additional small-diameter branches (small arrows) 

of the left coronary artery system. 
 

With both methods, extensive portions of the LAD and LCX can be visualized. In the 

images obtained post contrast, additional branches of the LAD can be identified as 

displayed in Figure 3.5b (arrows). Further, an overall increased blood signal and a 

most effective suppression of the myocardial signal an be seen. In comparison with 

the T2Prep scan, the contrast agent together with the inversion pre-pulse additionally 

enhanced venous blood signal, as shown in the Figure 3.5b and Figure 3.6b (dotted 

arrows). 
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Figure 3.6: Multiplanar reformatted baseline (a) T2Prep image and  

(b) B-22956-enhanced IR image. Improved vessel delineation of the left main 

(LM), LAD, LCX and GCV can visually be appreciated. 
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Discussion 

Free-breathing navigator-gated and corrected 3D IR coronary MRA could be 

successfully implemented for intravascular contrast agent B-22956-enhanced 

coronary MRA. 

For an effective compensation of respiratory motion during a free-breathing 

navigator-gated and corrected scan, an accurate registration of the lung-liver interface 

position is crucial. If a non-selective pre-pulse for contrast enhancement precedes the 

navigator, it may affect the navigator signal, thereby limiting navigator efficiency and 

performance for respiratory motion suppression. This effect is amplified in the 

presence of a non-selective inversion pre-pulse, where the longitudinal magnetization 

of the lung-liver interface is substantially reduced at the time point of the navigator 

signal read-out. Using the previously described concept of the Nav-Restore (10), the 

liver magnetization is locally re-inverted immediately after the inversion pre-pulse. 

This ensures maximized contrast at the lung-liver interface for the 2D selective 

navigator. In the present study, the use of cardiac triggering and the pre-pulses during 

the navigator preparation phases (T2Prep and Inversion / Nav-Restore) enabled a 

consistent end-expiratory lung-liver interface position detection between navigator 

preparation phase and the actual scanning phase. While the prolonged TR during the 

triggered navigator preparation phases results in a lower sampling rate of the 

respiratory curve, the end expiratory diaphragmatic position could still be reliably 

defined within 20 RR intervals. This may be explained with the relatively low 

respiratory frequency at rest (~15 cycles per minute) while the sampling rate of the 

triggered navigator preparation phases is still a factor of four higher (~60 navigator 

profiles per minute). 

The reduced T1 of the blood pool and the good vascular containment of the agent 

together with the IR technique supported visualization of more distal segments and 

branching vessels of the left coronary arterial system when compared to the T2Prep 

data. In addition to the reduced T1blood, the absence of the T2Prep contributes to the 

SNRBlood enhancement found in the contrast-enhanced images. 

In addition to the enhanced SNRBlood, the combination of B-22956 and an inversion 

pre-pulse also significantly improved the contrast between the blood pool and the 

myocardium. On one hand, this increase in CNRBlood-Muscle may be attributed to the 

enhanced SNRBlood. On the other hand, and consistent with findings of other 

investigators (14,21,30), the application of a nonselective IR prepulse in conjunction 

with an adequate inversion delay enables an effective suppression of the myocardial 

signal, thereby providing additional blood-myocardium contrast. As a consequence of 

the enhanced signal and the effective myocardial suppression, vessel sharpness was 

also increased post contrast. 

Venous enhancement of the great cardiac vein (GCV) was observed both qualitatively 

and quantitatively in all cases. In the contrast enhanced scans, the signal of arterial 
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and venous blood are similar as shown in Table 3.1. Further, the T2 preparation was 

omitted post contrast and no longer pre-saturated the deoxygenated blood with a T2 

(~35ms) similar to that of myocardium (6). This may contribute to the apparent 

diameter differences of the GCV pre and post contrast. In many cases, the GCV runs 

in close proximity to the LAD and LCX and successful differentiation between 

arteries and veins becomes more difficult. This may be a limitation and alternative 

plane orientations or venous blood suppression techniques may have to be explored. 

To obtain an effective signal suppression of the myocardium, it is important that the 

T1 value of myocardium remains constant during the entire data collection period (12-

15min). The effectively suppressed signal from the myocardium in the images post 

contrast is therefore a good indicator for the vascular containment of B-22956. 

The vascular behavior of the contrast agent suggests, that a second contrast enhanced 

scan, covering the right coronary arterial system may be obtained with similar image 

quality. This is visually confirmed in Figure 3.4, in which a right coronary arterial 

system acquired 20min after injection displays with contrast. The combination of 

B-22956, an IR technique, and a multiple breath-hold 3D acquisition (13) remains to 

be explored. However, and similar to the free-breathing approach, a Nav-Restore 

concept in conjunction with real-time navigator technology may have to be employed 

to account for inconsistent end-expiratory positions in serial breath-holds. 

Conclusions 

The intravascular contrast agent B-22956 has successfully been applied for contrast 

enhanced coronary MRA using a 3D free-breathing navigator-gated and corrected IR 

technique. When compared to contemporary T2Prep techniques (8), the proposed 

imaging concept led to a significant increase in both blood signal and contrast 

between the B-22956-enhanced blood-pool and the myocardium. The high contrast 

was supported by the long-term vascular characteristics of the contrast agent, yielding 

an effective signal suppression of the myocardium in free-breathing, navigator-gated 

and -corrected, 3D coronary MRA with prolonged scanning time. Prospective patient 

studies are now needed for a direct comparison of this method with x-ray 

angiography. 
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Abstract 

Coronary magnetic resonance angiography (MRA) is useful for the evaluation of 

coronary stenoses in proximal and mid coronary segments. Yet, assessment of distal 

coronary arterial segments and side branches is hampered by low signal from the 

coronary artery lumen. We assessed the value of gadocoletic acid (a gadolinium-based 

bloodpool agent) for contrast-enhanced coronary MRA in healthy volunteers and 

provide first experience in visualization of atherosclerotic coronary stenosis. 

The left coronary system was imaged in 12 volunteers before, 5 minutes (n = 12) and 

45 minutes (n = 7) after application of 0.075 mmol/kg BW of gadocoletic acid. 

Additionally, imaging of the right coronary system was performed (n = 6). A 

3-dimensional (3D) gradient echo sequence with T2 preparation (precontrast) or 

inversion recovery pulse (postcontrast) with real-time navigator correction was used. 

Signal-to-noise ratio (SNR), contrast-to-noise ratio (CNR), vessel sharpness, a visual 

score for image quality and angiographic parameters (visible vessel length, maximal 

luminal diameter, number of visible side branches) were determined. Two patients 

with suspected coronary disease underwent coronary MRA according to the above 

described protocol and coronary x-ray angiography. 

Parameters of image quality and quantitative MR angiographic parameters improved 

significantly 5, 23 and 45 min after application of gadocoletic acid with the strongest 

effect at 5 min (e.g. SNR +42%, CNR +91%). In patients, this resulted in clear 

visualization of residual coronary artery lumen. 

The use of a strictly intravascular contrast agent substantially improves objective and 

subjective parameters of image quality as well as MR angiographic measurements in 

high-resolution 3D coronary MRA: the increase in SNR, CNR and vessel sharpness 

minimizes current limitations of high resolution coronary MRA in assessment of 

coronary arterial lumen. 
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Introduction 

Coronary MRA has shown its diagnostic value in the assessment of anatomy and 

stenoses of proximal and mid-coronary segments. Being a completely non-invasive 

approach, coronary MRA shows promise of becoming a powerful diagnostic tool for 

visualization of the coronary tree without exposure to ionizing radiation. Recently a 

standardized approach using a fat-suppression and a T2 suppression prepulse 

(T2Prep) to maximize contrast between blood and surrounding tissue together with 

prospective navigator correction has been proposed and evaluated in a multi-center 

trial (1). This study resulted in a high sensitivity and low specifity, which may be 

related with a relatively low signal-to-noise (SNR) and contrast-to-noise (CNR) ratio, 

secondary to the high spatial resolution required. 

In three-dimensional (3D) coronary MRA the inflow contrast between the coronary 

blood and the surrounding myocardium is generally attenuated when compared to 

thin-slab two-dimensional techniques. Thereby, the application of an intravascular 

contrast agent may provide an additional source of signal and contrast, supporting the 

visualization of coronary lumen and more distal or branching segments of the 

coronary arterial tree. Therefore we made use of an inversion recovery (IR) 3D 

gradient echo sequence in combination with a new intravascular, low molecular 

weight gadolinium (Gd)-based chelate coded B-22956 (Bracco Imaging S.p.A., 

Milan, Italy). This drug has a high vascular containment due to its binding to human 

serum albumin (2). Potential improvements may be achieved by its long half life (t1/2 

about 224 ± 30 min), making it especially useful for application with navigator 

sequences in combination with high resolution scans, since this approach is associated 

with long measurement times, which abolish the effects of extracellular contrast 

agents. 

The objective of the present study was to study the influence of a strictly intravascular 

contrast agent on navigator-gated, high resolution coronary MRA as determined by 

SNR, CNR, vessel sharpness and angiographic parameters when compared to a 

standard T2Prep sequence and to gain first experience in visualization of 

atherosclerotic coronary stenosis. 

Methods 

Magnetic resonance imaging 

The study was approved by the local ethics committee and conducted in accordance 

with the recommendations of the World Medical Association (as in the Declaration of 

Helsinki, 1964, last amendment in Edinburgh, Scotland, October, 2000). Written 

informed consent was obtained from all participants. 

12 healthy male volunteers (aged 25 ± 5 years, range 20 to 35 years) participating in 

the phase I trial and the first two patients of the phase II trial were examined in the 
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supine position using a 1.5 Tesla whole body MR system (ACS NT, Philips Medical 

Systems, Best, The Netherlands) equipped with a PowerTrak6000 gradient system 

(23 mT/m; 219 µsec rise time) and specifically designed software (INCA software 

package, Release 7). Cardiac synchronization was performed using 4 electrodes 

placed on the left anterior hemithorax (Vector-ECG) and scans were triggered on the 

R wave of the ECG (3). Examinations were done during free breathing and the signal 

was acquired using a 5-element cardiac synergy coil placed around the thorax. A rapid 

gradient echo sequence as multistack, multislice survey (balanced fast-field echo, 

bFFE, TE/TR/alpha 1.3/4.0/55) allowed for localization of the heart in the three 

standard planes (transverse, sagittal and coronal). Subsequently, a fast navigator-gated 

and -corrected transverse 3D turbo field echo (TFE)/echo planar imaging (EPI) scan 

(TE/TR/alpha 5.0/16/40) was performed in the target region, as previously described 

(4). For all scans the navigator was positioned on the dome of the right 

hemidiaphragm with a 5 mm gating window. The precontrast scan consisted of a 3D 

segmented k-space gradient echo sequence with a T2 preparation prepulse as 

previously published (4). Postcontrast scanning made use of a 3D segmented k-space 

gradient echo sequence with an IR prepulse (5,6). From previously determined T1 

values of postcontrast myocardium (2), the IR prepulse delay was adjusted to 180 ms 

which was calculated to be the optimal IR prepulse delay for complete suppression of 

signal from myocardial tissue. For pre- and postcontrast scans a field of view of 360 

mm with a 512 × 512 matrix was used leading to an in plane resolution of 0.7 mm × 

0.7 mm, slice thickness was set to 1.5 mm. A three-point planscan tool was used for 

planning the optimal imaging plane of the pre- and postcontrast scans (4): for the left 

coronary system the first reference point was the origin of the left main (LM) artery, 

the second a distal point of the left anterior descending a(LAD) artery and the third 

reference point was chosen in the mid to distal left coronary circumflex (LCX) 

segment. For the right coronary artery (RCA) system three reference points along the 

main axis of the vessel were indicated. Five minutes after infusion of gadocoletic acid 

(0.075 mmol/kg BW, infusion rate 0.3 ml/sec) imaging started with the left coronary 

system (n = 11 subjects) with scan duration depending on navigator efficiency and 

individual heart rate. Imaging of the right coronary system began immediately 

thereafter (23 ± 2 minutes postcontrast, range from 20 to 26 minutes, n = 6). At ≈ 45 

minutes postcontrast the identical scan for the left coronary system was repeated 

(n = 7). 

Image Analysis 

A visual score was used to grade the visibility of the coronary vessel segments 

(proximal, mid and distal segments): 1, poor/uninterpretable (coronary artery visible 

with markedly blurred borders) ; 2, good (coronary artery visible with moderately 

blurred borders); 3, very good (coronary artery visible with mildly blurred borders); 

4, excellent (coronary artery visible with sharply defined borders). For objective 
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assessment of vessel sharpness a previously published dedicated quantitative coronary 

analysis tool with an edge detection and vessel sharpness algorithm was applied on 

the raw data (7,8). For quantification of angiographic parameters and visualization of 

coronary artery anatomy multiplanar reformatting of the 3D data set was carried out 

with the same software facilitating measurements of vessel length, maximal luminal 

diameter (measured within ≤ 1 cm from the origin of LM, LAD, LCX and RCA) and 

assessment of the number of visible side branches. For measurements of maximal 

luminal diameter, identical proximal segments of LAD and LCX (yielding good 

image quality for T2Prep and contrast enhanced scans) were chosen to determine the 

influence of the contrast agent on vessel size and to avoid interference with the signal 

enhanced great cardiac vein usually running in close proximity to both LCX and LAD 

postcontrast. 

Further quantitative analyses were done on the raw images with the cardiac software 

package implemented on the scanner (signal intensity (SI) of blood, myocardium and 

air). 

SNR and CNR Calculations 

SNR was determined as mean signal intensity of coronary blood (SIblood) or mean 

signal intensity of myocardium (SImyocardium) divided by the standard deviation of 

noise (N) measured within a region of interest in the air anterior to the chest wall. 

CNR between coronary blood and myocardium was calculated as (SIblood-

SImyocardium)/N and between myocardium and air as (SImyocardium–mean(SIair))/N. 

Vessel Sharpness 

Vessel sharpness was defined as the average signal along the vessel border on the 

edge image with higher values identifying better vessel delineation (9). The values 

were determined for the proximal segments of the LAD, LCX and RCA as detailed 

for vessel diameter measurements above. 

Scan Duration and Efficiency 

Effective scan duration and navigator efficiency (i.e. total number of accepted 

navigator gated acquisitions divided by the total number of navigator acquisitions, 

values are given in %) were determined. 

Magnetic Resonance Angiographic Parameters 

Visible vessel length, number of visible side branches and maximal luminal diameter 

of the left main artery, the proximal segments of the LAD, LCX and RCA were 

measured on the multiplanar reformatted images using the above mentioned dedicated 

quantitative coronary analysis tool for 3D coronary MRA (8). 
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Statistical Analysis 

For all continuous parameters mean ± standard deviation are given. The paired 

Student´s t-test was used to assess statistical significance of the differences between 

pre- and postcontrast measurements. Analysis of variance was used to determine the 

significance of the differences between multiple time points (Scheffé procedure). A 

value of p<0.05 was considered statistically significant. 

Results 

SNR, CNR and Suppression of Myocardial Signal 

The results are provided in Table 3.2. Postcontrast and when compared to the T2Prep 

acquisitions, SNR showed a 42% (5 min postcontrast) and 21% (45 min post contrast) 

gain, with a CNR improvement of 91% and 64%, respectively. Decrease of CNR 

between myocardium and air showed the highly effective suppression of myocardial 

signal (≈ 90% for the 5 and 45 minutes postcontrast scans). 
 

Table 3.2: Image quality parameters 
 T2Prep         Gadocoletic Acid 
  5 min 45 min 
  

SNR Blood 33 ± 5 47 ± 8** 40 ± 9** 
CNR Blood-Myocardium 22 ± 6 42 ± 8** 36 ± 9** 
CNR Myocardium-Air 11.8 ± 0.8   1.1 ± 0.3**   1.3 ± 0.5** 
Vessel sharpness  LAD 48.7 ± 9.7 55.2 ± 8.1* 54.9 ± 8.5* 
 LCX 48.4 ± 5.6 55.5 ± 7.5* 55.1 ± 8.1* 
 RCA 48.9 ± 4.3 54.8 ± 6.2* 54.1 ± 7.3* 
Scan duration (in min) 10 ± 3 13 ± 4* 12 ± 3* 
Navigator efficiency (%) 50 ± 14 39 ± 12* 43 ± 10* 
  

SNR, CNR (Blood-Myocardium), scan duration and navigator efficiency related to the left 
coronary arterial system. 
Significance: * p<0.05 and ** p<0.01 versus T2Prep values. 

Vessel Sharpness 

Vessel sharpness improved significantly for all three epicardial coronary arteries 

(Table 3.2), resulting in a 13.4% (LAD), 14.7% (LCX) and 12.1% (RCA) gain for 

vessel border delineation. 
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Figure 3.7: Multiplanar reformatted (A) T2Prep image and (B) postcontrast IR 

image. The significant improvement in vessel border delineation of the left 

coronary artery system is shown. Please note the complete suppression of signal 

from the myocardium due to the IR prepulse. As a result the increased visibility 

of small-diameter coronary side branches can be appreciated. LAD: left 

anterior descending artery; LCX: left circumflex artery; GCV: great cardiac 

vein; LA: left atrium; Ao: aorta 

Scan Duration and Navigator Efficiencys 

Pre- and postcontrast values for scan duration and navigator efficiency demonstrated a 

significantly prolonged scan duration due to a concomitant decrease in navigator 

efficiency postcontrast (Table 3.2). 

Magnetic Resonance Angiographic Parameters 

The epicardial coronary arteries were visible in all volunteers. Overall visual score 

was 2.5 ± 0.6 without contrast agent and 3.5 ± 0.5 with gadocoletic acid (p<0.01). 

Pre- and postcontrast visual scores for each of the large epicardial vessels were: LM 

2.7 ± 0.5 (3.5 ± 0.5), LAD 2.5 ± 0.5 (3.4 ± 0.5), LCX 2.2 ± 0.6 (3.4 ± 0.5) and RCA 

3.0 ± 0.5 (3.7 ± 0.3), respectively (all p<0.01). 

T2Prep        postcontrast 
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Figure 3.8: Multiplanar reformatted images of (A) a T2Prep acquisition and 

(B) the postcontrast IR acquisition. The significant increase in vessel sharpness 

and visible vessel length beyond the crux of the right coronary artery is 

demonstrated. RCA: right coronary artery; Ao: aorta 
 

Quantitative MR angiographic parameters are given in Table 3.3. For all major 

epicardial vessels -except left main coronary artery- visible vessel length increased 

significantly, but the effect was amplified for the LCX (postcontrast increase: LCX 

23%, LAD 8%, RCA 16%). The number of visible side branches of the major 

coronary arteries increased significantly either: without contrast agent a total of 51 

side branches was visible, after contrast agent administration significantly rising to a 

total of 81 (p<0.01). The number of visible side branches per epicardial artery 

increased significantly for the LAD and RCA, but failed to reach statistical 

significance for the LCX. Pre- and postcontrast maximal luminal diameter did not 

differ significantly, but showed a trend towards smaller postcontrast values. 

 

Table 3.3: Magnetic resonance angiographic parameters 
 LM LAD LCX RCA 
  

T2Prep 
Visible vessel length (in mm) 8.9 ± 5.0  63 ± 9  39 ± 9  90 ± 14 
Number of visible side branches    – 1.2 ± 1.0 1.1 ± 0.8 3.4 ± 1.8 
Maximal luminal diameter (in mm) 4.2 ± 0.5 3.4 ± 0.4 3.1 ± 0.6 3.3 ± 0.4 

B-22956 
Visible vessel length (in mm) 8.4 ± 4.7  68 ± 8*  48 ± 8**  104 ± 15** 
Number of visible side branches    – 2.6 ± 1.4* 1.5 ± 0.9 4.6 ± 2.3* 
Maximal luminal diameter (in mm) 3.8 ± 0.6 3.2 ± 0.3 2.8 ± 0.5 3.1 ± 0.4 
  

Data shown for B-22956 was assessed 5 minutes (left coronary artery system) and 23 minutes (right 
coronary artery) after contrast agent infusion. 
Significance: * p<0.05 and ** p<0.01 versus T2Prep values. 

 

T2Prep          postcontrast 
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Discussion 

High-quality, high resolution images of the coronary artery tree were achieved using 

MR coronary angiography in combination with a Gd-based intravascular contrast 

agent. The visualization of the coronary arteries was improved significantly in 

comparison to the standard T2Prep approach as assessed by visual and quantitative 

criteria. 

We found an overall improvement for visualizing the epicardial coronary arteries: the 

significant increase of SNR and CNR resulted in a significantly higher visual score 

and vessel sharpness (with the latter as an objective parameter for vessel border 

delineation, Table 3.2). MR angiographic measurements showed an improvement in 

visible vessel length and visibility of small-diameter coronary side branches (Table 

3.3, Figure 3.7 and Figure 3.8). 

A large number of single center and one multicenter coronary MRA trial have been 

reported so far with diagnostic accuracy ranging from 72% to 84% (1,10). False 

positive or negative results were mainly related to the disadvantages of the gradient 

echo sequences used, such as the signal disturbances due to flow alterations within the 

coronary artery lumen or the signal loss in distal coronary artery segments, both of 

which can cause misinterpretation of the coronary lumen as being stenotic or intact. 

The use of extravascular contrast agents has improved, but not solved these problems, 

because the concomitant myocardial enhancement occurring rapidly after injection of 

the contrast agent leads to an insufficient vessel border delineation (11). Iron-based 

intravascular contrast agents (ultrasmall iron containing particles, USPIO) improved 

coronary MR imaging (12), but depending on the dosage and the echo time used 

susceptibility artifacts were often introduced rendering stenosis detection and 

quantification problematic (13). 
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Figure 3.9: Coronary MRA (A: T2Prep, B: postcontrast) and conventional 

coronary angiogram (C, D) demonstrating 99% stenosis of the LAD. The signal 

reduction of distal LAD segments in the T2Prep scan (panel A) hinders 

accurate detection of the stenosis. In B, intravascular contrast enhancement 

facilitates clear depiction of distal LAD stenosis (solid arrows); luminal 

irregularity in the proximal to mid portion of LCX due to eccentric, 

atherosclerotic plaque can be appreciated (dotted arrow). Note that the "soap-

bubble visualization" of the 3D coronary MRA data set displays the findings of 

biplane conventional coronary angiography in one imaging plane. 

GCV: great cardiac vein; D1: first diagonal branch; S1: first septal branch 
 

Our initial results of 3D coronary MRA using a Gd-based intravascular contrast agent 

in patients with coronary artery disease compared to conventional coronary 

angiography showed the potential to clearly depict residual coronary lumen (Figure 

3.9 and Figure 3.10). The high CNR achieved with intravascular contrast 

enhancement allowed segmentation and volume rendering of the 3D data set (Figure 

3.10). 
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Figure 3.10: Coronary MRA (A: T2Prep, B: postcontrast) and conventional 

coronary angiogram (C) showing an eccentric stenosis of the RCA (solid 

arrows). On the T2Prep scan, extent and grade of stenosis are severely 

underestimated in comparison to the contrast enhanced MRA scan and X-ray 

coronary angiography: with contrast enhancement stenosis morphology and 

grade are identical to X-ray coronary angiographic findings (luminal reduction 

as assessed by X-ray quantitative coronary angiography and quantitative 

coronary MRA of the contrast enhanced scan was 63% versus 66%, 

respectively). Panel D shows 3D volume rendering of the postcontrast scan of 

the RCA together with the left main, the LCX and the proximal segment of the 

LAD. Ao: Aorta; LM: left main; LCX: left circumflex artery; LAD: left anterior 

descending artery. 
 

The diagnostic value of coronary MRA in excluding left main and three-vessel 

disease has recently been shown in a multicenter trial using a standardized protocol 

for a 3D non-contrast and free-breathing coronary magnetic resonance angiography 

(T2Prep scan) compared to cardiac catheterization as the standard of reference (1). 

The authors could identify stenoses of the vast majority of the proximal and mid 

segments of the LAD and RCA, but the LCX was less reliably visualized. This has 

been attributed to its posterior localization, relatively far away from the anteriorly 

located receiver coil, thus additionally decreasing the signal from a usually relatively 

small vessel lumen. It is noteworthy, that using intravascular contrast enhancement 

the LCX was reliably visualized in our study subjects and that we found a 23% 

increase in visible vessel length. However, the intravascular contrast agent enhances 

the lumen of all vascular structures, thereby increasing the signal from the 

concomitant great coronary vein (GCV) and the coronary sinus. This venous overlap 

may obscure mid and distal segments of the LCX and was the main reason for 

difficulties in visualizing side branches of the LCX. Taking advantage of the 3D 

nature of coronary MRA in future applications this potential diagnostic problem can 

be overcome by reformatting the 3D data set from different radial angles or by 

separating the signal from veins and arteries. 

Navigator techniques have been shown to effectively suppress artifacts from breathing 

motion (9). A major drawback of the navigator technique is the dependency of scan 

duration on navigator efficiency. For this reason any intravascular contrast agent 
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being useful for navigator-corrected contrast-enhanced coronary MRA needs to have 

a high vascular containment to ensure sufficiently high signal from the coronary 

artery lumen during the whole imaging procedure. With gadocoletic acid we found 

both, an increase of intravascular signal as well as a sufficient increase of CNR up to 

45 minutes post injection. These observations demonstrate the long half-life and 

intravascularity of the drug. This allows for imaging of the left and right coronary 

artery system with one single contrast agent administration. While the navigator 

efficiency was slightly, but significantly, reduced after contrast agent administration, a 

high lung-liver interface contrast of the navigator signal was consistently observed on 

the navigator display in all cases. Therefore, the variation in navigator efficiency may 

be attributed to the frequently observed change in the breathing pattern over time in 

humans. 

Postcontrast coronary maximal luminal diameters were slightly smaller than 

precontrast vessel diameters without reaching the level of statistical significance. This 

seems consistent with confinement of the contrast agent to the intravascular space: 

under the experimental conditions chosen for nullifying of the myocardial signal a 

nullifying of the vessel wall signal occurs concomitantly. Such an efficient 

suppression of normal vessel wall facilitates a clear delineation of the vascular lumen. 

Intererestingly, we did not observe any thoracic skin line enhancement as reported in 

similar studies with another intravascular, albumin-binding contrast agent (5). This is 

advantageous, since such an enhancement has been shown to cause artifacts in free-

breathing, navigator-gated 3D coronary MRA (5), mainly arising from breathing 

motion of the anterior chest wall. Both, the lack of enhancement of normal vessel wall 

and of the skin, can be explained by the drugs high vascular containment. 

Conclusions 

3D coronary MRA with intravascular contrast enhancement produced high-quality 

MR images of the left and right coronary system during free breathing and within one 

examination. First experiences in patients with coronary artery disease regarding 

stenosis visualization and quantification of residual lumen are encouraging. Further 

research in a large patient population is needed to verify whether intravascular 

contrast enhancement significantly improves detection of atherosclerotic stenoses and 

other coronary artery pathologies. 
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Abstract 

Three-dimensional free-breathing navigator-gated coronary magnetic resonance 

angiography was extended by an initial single breath-hold during which the center of 

k-space was acquired. The novel approach was successfully applied in eight healthy 

adult subjects. Resulting images were compared with conventionally acquired free-

breathing navigator-gated MR angiograms. The acquisition of k-space center during 

the single breath-hold resulted in a 26% increase (P<0.05) of signal-to-noise ratio. 

Visible length of the right coronary artery, as well as contrast-to-noise ratio between 

the blood and the myocardial muscle, were identical. The breath-hold extension was 

shown to be a valuable technique that may be excellently combined with first-pass 

contrast enhanced MRI. 



108  BREATH-HOLDING COMBINED WITH FREE-BREATHING 

Introduction 

Breath-hold two-dimensional coronary magnetic resonance angiography (MRA) has 

been successfully applied in depicting the coronary arteries (1-4). However, three-

dimensional (3D) coronary MRA offers advantages such as thin adjacent slices, 

superior signal-to-noise ratio (SNR), and the ability to post-process and reformat the 

3D data set (5-8). As a consequence of the increased amount of data, the acquisition 

has to be either split into multiple breath-holds (9, 10), or it can be performed with 

navigator gating (11, 12) and optional tracking (13, 14) during free-breathing. 

Whereas the multiple breath-hold approach requires good patient cooperation and 

imposes the problem of reproducibility of the breath-hold level (15), the acquisition 

duration of a free-breathing navigator gated scan is prolonged due to the limited 

acceptance rate of the breathing positions. Enlarging the navigator window reduces 

scan time at the cost of increased image degradation due to respiratory bulk motion. 

However, both breath-hold and free-breathing approaches might still suffer from 

residual motion and therefore reduced SNR; reliable routine diagnosis is thus difficult 

to achieve.  

A free-breathing navigator-gated and corrected 3D segmented k-space gradient echo 

sequence (TFE) is presented that was combined with a single initial breath-hold. 

During the breath-hold period the most central part of k-space was acquired whereas 

the outer k-space profiles were sampled during the subsequent free-breathing 

acquisition period. With this novel approach central k-space information is measured 

during minimal respiratory motion and hence may allow for an increased image 

quality, especially if a larger navigator window is applied. The new breath-hold-

extended free-breathing approach was applied in eight healthy adult subjects and 

compared to two conventional navigator-gated and corrected free-breathing 3D scans, 

acquired using two different navigator windows. 

Materials and Methods 

k-Space Considerations 

According to information theory, information content in k-space decreases as a 

function of the distance from k-space center (16). For good image quality it is 

therefore important that the central part of k-space is measured during minimal 

respiratory motion. Generally, in free-breathing navigator-gated sequences the ratio 

between profiles measured close to the ideal end-expiratory position and profiles 

acquired during larger diaphragmatic displacements decreases with increasing size of 

the navigator window. Applying an initial single breath-hold at the beginning of the 

free-breathing 3D scan however may enable for acquisition of the most inner part of 

k-space during smallest possible diaphragmatic displacement. 
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In conventional coronary 3D scans the k-space data for each (kx,ky)-plane is acquired 

separately, i.e., kz is kept constant until an entire (kx,ky)-plane is acquired. For the 

filling of each (kx,ky)-plane two different sampling schemes can be used. With a linear 

read order the acquisition starts with the outermost negative ky-profile and steps 

through the (kx,ky)-plane with each excitation. In contrast, with the low-high read 

order the most central ky-profile is recorded first and then ky is stepwise increased 

towards the border of the (kx,ky)-plane, alternating for each shot once into positive, 

once into negative ky-direction. 

The concept of our approach is the acquisition of the most relevant k-space 

information during an initial single breath-hold at the beginning of the scan. This 

necessitates that k-space is no longer filled plane by plane but moreover includes 

simultaneous variation of both ky and kz. To define this novel central profile read order 

a Gaussian priority function was used to describe the importance or weight of each 

individual (ky,kz)-profile of the 3D Fourier domain (17). Based on this priority 

function, the breath-hold duration, and the number of excitations per cardiac cycle, the 

profiles to be measured during the breath-hold period are calculated. During the 

breath-hold the profiles with the highest defined importance are measured; all other 

profiles with lower priority are sampled later during the free-breathing acquisition 

part. During the later (free-breathing) phase, profiles are recorded in dependence of 

their respective priority: with each shot, the acquisition starts with the most important 

(ky,kz)-profile and steps through the ordered profiles towards those with the lowest 

priority. 

In addition to respiratory motion, also relative signal deposition in k-space affects 

image quality. With constant RF excitation angles in the TFE scan, signal intensity 

between the excitations within a single cardiac cycle (= shot) decreases from the first 

to the last excitation depending on actual T1 and TR values and the applied RF 

excitation angles. In order to determine the effects of a central acquisition with 

constant RF excitation angles on spatial resolution, the point-spread-function (PSF) of 

the signal intensity in k-space was calculated (Eq. [3.1]) 
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with:  )(kI = signal intensity modulation of k-space 

 

Further it was compared to the PSF of the conventional low-high k-space acquisition 

by means of the full width at half-maximum (FWHM) values. As a reference, the PSF 

of a scan obtained with steady-state magnetization (FWHM = 1) was used. 

Phantom Study 

The central k-space acquisition scheme was implemented on a commercial 1.5T 

Philips Gyroscan ACS-NT system equipped with PowerTrak 6000 gradients 
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(21 mT/m, 200µsec rise time) and a five-element cardiac synergy coil. It was first 

applied on a static phantom and compared with a conventional low-high k-space 

acquisition scheme. A water filled bottle doped with MnCl2 (T1 = 800 ms) was used 

as a phantom. Inside the bottle a small tube (diameter: 4 mm) filled with doped water 

(T1 =  1100 ms) was placed to represent a coronary vessel. Both scans consisted of a 

3D TFE sequence and eight phase-encoding steps were sampled during each 

simulated cardiac cycle (simulated heart rate = 75 beats per minute). 10 slices of 512 

× 268 data points each were measured covering a field-of-view (FOV) of 

360 × 270 mm2. TE was 2.1 ms, TR 7.6 ms and α = 30°. 

In Vivo Study 

In eight healthy adult subjects (mean age 32 years, range 20-64 years, six male) the 

right coronary artery (RCA) system was examined in supine position. An 

electrocardiographically (ECG)-triggered real-time navigator-gated and prospectively 

corrected 3D TFE sequence with T2 preparation and fat suppression (18) was used. 

The navigator was positioned at the dome of the right hemidiaphragm. The FOV was 

360 ×270 mm2 and 512 × 268 data points were sampled using partial Fourier 

sampling. 10 slices were acquired and interpolated to 20 slices of 1.5 mm thickness 

using zero filling in k-space. TE was 2.1 ms, TR 7.6 ms and α = 30°. Eight phase-

encoding steps were sampled during each cardiac cycle (acquisition window, 

61.5 ms). At a heart rate of 60 beats per minute and a navigator efficiency of 100% 

the total acquisition time would be approximately eight minutes. The 3D TFE scan 

was performed three times in randomized order with following additional parameters: 

A) A 5 mm navigator window using a conventional low-high k-space read order 

(CAI_5mm). B) A 10 mm navigator window using a conventional low-high k-space 

read order (CAI_10mm). C) A 10 mm navigator window using the new proposed 

central k-space read order combined with an initial breath-hold of 15 cardiac cycles 

(BHfree_10mm). 

Evaluation 

Image quality was objectively assessed by evaluating the SNR in the blood pool and 

the contrast-to-noise ratio (CNR) between blood and myocardial muscle. SNR was 

defined as SROI /NROI, with SROI being the mean signal intensity (S) measured in a user 

specified region-of-interest (ROIA) (located in the right ventricle (RV)) and the 

standard deviation (N) of the signal within ROIA. For the quantification of the CNR 

the signal intensity and standard deviation of a second ROIB (located on the 

myocardial muscle) was measured. The CNR was calculated as (SROI,A - 

SROI,B)/[0.5(NROI,A + NROI,B)].  

To compare the vessel delineation of the different data sets the contiguous length of 

the RCA was measured on maximum intensity projections of the raw 3D data sets. In 

addition a vessel tracing and edge detection algorithm was applied (19, 20) on gray-
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scale images of the data sets. Edge sharpness was defined as the average signal along 

the calculated vessel border, normalized by the maximum intensity value of the vessel 

centerline. A sharpness of 100% refers to a step-like vessel delineation with a 

maximum signal intensity change between a pixel on the vessel border and its 

neighboring pixel of the environment. 

SNR, CNR, vessel length and edge sharpness values are presented as the mean plus or 

minus the standard error of the mean (SEM). For the in vivo experiments the values of 

the three different scans were compared to each other by means of an analysis of 

variance (ANOVA) test. In all cases, a Tukey-Kramer multiple comparison test was 

performed. P values < 0.05 were considered statistically significant. 

Results 

Phantom Study 

Figure 3.11 shows the results obtain in the phantom experiments. No visual difference 

can be found between the two different acquisition schemes. However, a comparison 

of the vessel sharpness of the water filled tube shows a slightly higher value for the 

central k-space acquisition order (Figure 3.11b) then for the conventional low-high 

acquisition (Figure 3.11a) (24% vs. 20%). On the other hand, the evaluation of the 

SNR measured in a ROI placed inside of the tube revealed a higher value for the 

conventional acquisition scheme when compared to the central k-space sampling (27.9 

vs. 23.4). 
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Figure 3.11: Phantom experiment comparing the impact of the different k-space 

sampling strategies on image quality. a: conventional low-high acquisition 

order. b: central acquisition order. 
 

The calculation of the FWHM resulted in an increase of the pixel size by a factor of 

1.4 for the conventional low-high read order and a factor of 1.1 for the central read 

order, with regard to pixel size obtained from a scan with steady-state magnetization. 
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In Vivo Study 

The presented single breath-hold extended free-breathing coronary scan was 

successfully applied in all subjects. The initial breath-hold of 15 heart beats was well 

tolerated by all subjects.  

In all scans long portions of the RCA could be visualized (Figure 3.12). The statistical 

comparison of the in vivo scans showed a significant increase (26%, P<0.05) of the 

SNR for the breath-hold extended free-breathing scan (Table 3.4, Table 3.5) when 

compared to the conventionally acquired scans. No significant difference however 

was found for the different sizes of the gating window. CNR values were similar for 

all three applied methods. 
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Figure 3.12: Reformatted angiograms of the RCA of two healthy volunteers 

obtained in three different scans. a, d: Conventional free-breathing navigator-

gated 3D data set, 5 mm gating window. b, e: Conventional free-breathing 

navigator-gated 3D data set, 10 mm gating window. c, f: Single breath-hold 

extended free-breathing navigator-gated 3D data set, 10 mm gating window. 
 

The increased navigator window had no adverse impact on the visible length of the 

RCA. Between the three different scans no statistical difference was found for the 

contiguous length of the vessel. Applying a 10 mm navigator window yielded an 

increase in navigator efficiency, thereby reducing the overall scan time from 

approximately 16 min down to 12 min. In general, the initial breath-hold of 15 cardiac 

cycles did not affect the overall scan efficiency. The conventional acquisition using a 

5mm navigator window resulted in a 15% higher edge sharpness (P<0.05) of the RCA 

when compared to the scan using the same acquisition order and a 10 mm navigator 

window, resp. an 18% increase of the edge sharpness (P<0.01) when compared to the 
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breath-hold extended free-breathing scan with a navigator window of 10 mm. No 

difference of the edge sharpness was observed between the scans with the 10 mm 

navigator window. 
 

Table 3.4:  SNR / CNR In Vivo Results* 
 CAI_5mm CAI_10mm Bhfree_10mm Significance of  
         difference  

SNR of blood in RV 13.2 ± 1.0 13.2 ± 0.9 16.7 ± 0.8 P < 0.05 
CNR between blood in RV 7.6 ± 0.8  6.9 ± 0.7  7.4 ± 0.4 NSa 
 and myocardial muscle 
RCA Sharpness (%) 54.6 ± 1.7 47.5 ± 1.6 46.1 ± 1.5 P < 0.01 
RCA Length (mm) 93.2 ± 13.4 91.6 ± 12.9 91.4 ± 12.8 NSa 
  

*Data are the mean ± SEM. 
aNS = not significant (ANOVA) 
 

Table 3.5:  Comparison of SNR and Vessel Sharpness for the Different 
 In Vivo Scans 

 Comparison Mean difference  Significance  
  SNR / sharpness (%) SNR / sharpness (%)  

CAI_5mm vs. CAI_10mm 0.0 / 7.1 NSa / P < 0.05 
CAI_5mm vs. BHfree_10mm  -3.5 / 8.5 P < 0.05 / P < 0.01 
CAI_10mm vs. BHfree_10mm  -3.5 / 1.4 P < 0.05 / NSa 
  

aNS = not significant (Tukey-Kramer multiple comparison test) 

Discussion 

The calculation of the PSFs demonstrated the relation between the applied k-space 

acquisition order and the resulting signal intensity deposition in conjunction with the 

application of a constant RF excitation angle. K-space acquisition with the novel 

central ordering had a positive effect on the theoretically achieved image resolution. 

Its FWHM was smaller than the FWHM for the low-high acquisition order, resulting 

in a smaller enlargement of the theoretical pixel size (factor 1.1 vs. 1.4). 

The results obtained in phantom measurements were in good agreement with the 

theoretical calculations. Due to the improved PSF of the central acquisition order the 

vessel sharpness could slightly be improved. Further, the increased pixel size in the 

low-high acquisition order resulted in an increased SNR when compared to the central 

acquisition order. 

The in vivo experiments revealed that the SNR in 3D free-breathing navigator-gated 

coronary MR angiography could significantly be increased (26%) by the application 

of a single initial breath-hold combined with a central 3D low-high k-space 

acquisition order. Since SNR was similarly increased in the myocardial muscle, CNR 

did not differ. 

As expected, the increase of the gating window resulted in more pronounced motion 

artifacts. Therefore, the edges of the RCA are significantly sharper (P < 0.05) for the 
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scan with the 5mm navigator window. The increased gating window however did not 

reduce the visible RCA length. 

The presented single breath-hold extended free-breathing navigator-gated 3D 

coronary scan may be a valuable technique for contrast enhanced first-pass 

angiography. During the initial breath-hold important k-space information can be 

acquired at low T1-relaxation conditions of the blood. An additional signal increase 

may therefore be expected in the blood pool without a further increase of the signal of 

the myocardial muscle. As a result, higher CNR could be achieved. A navigator 

window of 10mm would further allow for a shorter overall scan time, which is 

advantageous in contrast enhanced MRA due to the increasing T1-relaxation times of 

the blood during the post-bolus phase and the extravascularization of the contrast 

agent. 

In conclusion, the application of a single initial breath-hold at the beginning of a free-

breathing navigator gated coronary scan enabled for the acquisition of relevant k-

space data during minimal respiratory motion. Combined with a new central 3D low-

high k-space acquisition order, a significant increase of SNR could be achieved. 

The single breath-hold extension may further be a promising technique for the 

combination with first-pass contrast enhanced MRI. It may enable for an acquisition 

of important k-space information during optimum T1-relaxation times at minimal 

respiratory motion. 

References 

1. Edelman RR, Manning WJ, Burstein D, Paulin S. Coronary arteries: breath-hold 

MR angiography. Radiology 1991;181:641-643. 

2. Manning WJ, Edelman RR. Magnetic resonance coronary angiography. Magn 

Reson Q 1993;9:131-151. 

3. Manning WJ, Li W, Edelman RR. A preliminary report comparing magnetic 

resonance coronary angiography with conventional angiography. N Engl J Med 

1993;328:828-832. 

4. Pennell DJ, Keegan J, Firmin DN, Gatehouse PD, Underwood SR, Longmore DB. 

Magnetic resonance imaging of coronary arteries: technique and preliminary 

results. Br Heart J 1993;70:315-326. 

5. Bornert P, Jensen D. Coronary artery imaging at 0.5 T using segmented 3D echo 

planar imaging. Magn Reson Med 1995;34:779-785. 

6. Li D, Paschal CB, Haacke EM, Adler LP. Coronary arteries: three-dimensional 

MR imaging with fat saturation and magnetization transfer contrast. Radiology 

1993;187:401-406. 

7. Wang Y, Rossman PJ, Grimm RC, Wilman AH, Riederer SJ, Ehman RL. 3D MR 

angiography of pulmonary arteries using real-time navigator gating and 

magnetization preparation. Magn Reson Med 1996;36:579-587. 



CONTRAST AGENT ENHANCED CORONARY MRA 115 

8. Botnar RM, Stuber M, Kissinger KV, Manning WJ. Free-breathing 3D coronary 

MRA: the impact of "isotropic" image. J Magn Reson Imaging 2000;11:389-393. 

9. Wang Y, Grimm RC, Rossman PJ, Debbins JP, Riederer SJ, Ehman RL. 3D 

coronary MR angiography in multiple breath-holds using a respiratory feedback 

monitor. Magn Reson Med 1995;34:11-16. 

10. Stuber M, Kissinger KV, Botnar RM, Danias PG, Manning WJ. Breath-hold 3D 

coronary MRA using real-time navigator technology. J Cardiovasc Magn Reson 

1999;1:233-238. 

11. Li D, Kaushikkar S, Haacke EM, Woodard PK et al. Coronary arteries: three-

dimensional MR imaging with retrospective respiratory gating. Radiology 

1996;201:857-863. 

12. Sachs TS, Meyer CH, Irarrazabal P, Hu BS, Nishimura DG, Macovski A. The 

diminishing variance algorithm for real-time reduction of motion artifacts in MRI. 

Magn Reson Med 1995;34:412-422. 

13. Danias PG, McConnell MV, Khasgiwala VC, Chuang ML, Edelman RR, Manning 

WJ. Prospective navigator correction of image position for coronary MR 

angiography. Radiology 1997;203:733-736. 

14. Stuber M, Botnar RM, Danias PG, Kissinger KV, Manning WJ. Submillimeter 

three-dimensional coronary MR angiography with real-time navigator correction: 

Comparison of navigator locations. Radiology 1999;212:579-587. 

15. McConnell MV, Khasgiwala VC, Savord BJ et al. Prospective adaptive navigator 

correction for breath-hold MR coronary angiography. Magn Reson Med 

1997;37:148-152. 

16. Fuderer M. The information content of MR images. IEEE Trans Med Imaging 

1988;7:368-380. 

17. Huber ME, Hengesbach D, Botnar RM et al. Motion artifact reduction and vessel 

enhancement for free-breathing navigator-gated coronary MRA using 3D k-space 

reordering. Magn Reson Med 2001;45:645-652 

18. Stuber M, Botnar RM, Danias PG et al. Double-oblique free-breathing high 

resolution three-dimensional coronary magnetic resonance angiography. J Am 

Coll Cardiol 1999;34:524-531. 

19. Deriche R. Fast algorithms for low-level vision. IEEE Transactions on Pattern 

Analysis and Machine Intelligence 1990;12:78-87. 

20. Botnar RM, Stuber M, Danias PG, Kissinger KV, Manning WJ. Improved 

coronary artery definition with T2-weighted, free-breathing, three-dimensional 

coronary MRA. Circulation 1999;99:3139-3148. 
 





DISCUSSION, CONCLUSION AND OUTLOOK 117 

Discussion, Conclusion and Outlook 
 

Discussion and Conclusion 

State-of-the art coronary magnetic resonance angiography (MRA) includes three-

dimensional (3D) image acquisition with submillimeter in-plane spatial resolution, 

magnetization preparation pulses for endogenous contrast enhancement and navigator 

technology for prospective motion correction in free-breathing scans (1). However, 

certain drawbacks of current techniques remain to be solved before clinical prime-

time. The present work was therefore focused on the development of improved 

acquisition methods to address limitations of present coronary MRA. 

Acquisition performed with MR navigators during free-breathing increases scan time 

by resampling data measured during large diaphragmatic excursion from end-

expiratory position. Applying k-space reordering based on the navigator information 

enables to enlarge the navigator acceptance window and hence reduce scan time while 

preserving image quality. To enable data acquisition during the entire respiratory 

cycle, k-space reordering might be further extended by a recently presented affine 

motion model (2). 

If navigator-gating and correcting is performed with a steady-state free-precession 

(SSFP) imaging technique, time between navigator acquisition and data sampling is 

conventionally adversely prolonged, hampering real-time motion compensation 

performance (3). By applying a new magnetization preparation scheme this time delay 

was successfully minimized and SSFP image contrast improved. 

A more powerful method to reduce current long scan times of free-breathing coronary 

MRA is given by parallel imaging techniques such as sensitivity encoding (SENSE) 

(4). While high-resolution coronary angiography at 1.5T was not amenable to parallel 

imaging by signal-to-noise (SNR) concerns, the transition to a higher static magnetic 

field enabled the application of SENSE an thus a two-fold reduction of scan time. 

Alternatively, SENSE performed at 3T can be applied to reduce through-plane 

resolution by encoding more slices, thereby approaching isotropic 3D coronary MRA, 

which more readily enables the reconstruction of arbitrary views and therefore might 

be a preferred method for the assessment of coronary artery disease (5). Parallel 

imaging combined with dual-stack coronary MRA at 3T further allows an optimized 

navigator timing for reduced motion artifacts. As a result, high resolution images of 

the left and right coronary system could be simultaneously acquired within the same 

scan time of a single stack acquisition. 

Technical challenges in coronary MRA are not only given by long acquisition times 

or respiratory motion artifacts, but also by limited contrast between oxygenated blood 
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of the coronary vessels and the surrounding myocardial muscle. The application of a 

new gadolinium based intravascular contrast agent provides an additional source of 

signal and contrast by reducing T1 of blood and supports the visualization of more 

distal segments of the coronary arterial tree. An optimized inversion recovery 

sequence applied in a phase I study performed in healthy subjects, yields high 

contrast-to-noise ration and enhanced vessel delineation of the coronary arteries. 

Initial experience obtained in patients with coronary artery disease showed 

encouraging results regarding stenosis visualization and residual lumen quantification. 

Larger clinical studies are now needed to directly compare contrast enhanced 

coronary MRA with x-ray angiography. 

Further improvement in contrast agent enhanced coronary MRA might be achieved by 

incorporating data acquisition during the arterial bolus phase of the gadolinium. 

Extending navigator-gated imaging by an initial single breath-hold would enable to 

acquire the center of k-space with 100% sampling efficiency during the first pass of 

the contrast agent and continue data acquisition in the post bolus phase during free-

breathing. The applicability of a single breath-hold extended free-breathing protocol 

was verified in vivo, yet without application of contrast agent. 

 

Outlook 

Coronary MRA is a continuously progressing field and is expected to replace in future 

x-ray coronary angiography in certain patient sub-groups. Especially for the 

identification of anomalous coronary arteries coronary MRA is emerging as a gold 

standard (6, 7). For the identification of coronary artery stenoses by MRA, numerous 

single-center studies (8-11) and a prospective multicenter study (1) have shown 

promising results. However, these studies also clearly demonstrate that further 

improvements and refinements are still needed for coronary MRA. 

For the identification, localization, and quantification of luminal coronary artery 

disease, a high spatial resolution is required, which fundamentally implies long scan 

times. Long scan times, however, are demanding in terms of patient cooperation and 

suppression of motion artifacts, which, in turn, may inhibit further improvements in 

spatial resolution. To penetrate this closed loop, scan time reductions of contemporary 

coronary MRA, new sources of signal and contrast, and novel motion compensation 

strategies are required. 

For these reasons, novel motion suppression schemes and pulse sequences for 

contrast-enhanced coronary MRA have been designed, implemented, optimized, and 

applied successfully in patient studies during this thesis. This developmental work has 

been extended, and the use of state-of-the art technology including high-field imaging 

and parallel imaging, have been exploited for coronary MRA. 
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The development of ZMART, a new motion suppression strategy for navigator gated 

and corrected coronary MRA led to a substantially improved delineation of the 

coronary arteries. Novel approaches for magnetization preparation led to successful 

free-breathing steady-state with free-precession coronary imaging with high SNR and 

CNR. The combination of high-field imaging, SENSE, and the dual-stack approach 

resulted in a substantially reduced scanning time without penalty in image quality, 

which will make coronary MRA much better suited as part of a comprehensive 

cardiac MR examination. Finally, the development of motion-suppressed and 

contrast-enhanced coronary MRA exploited one of the fundamental strengths of MRI, 

the ability to discern small structures with a high contrast. The ability to obtain 

motion-suppressed, contrast-enhanced images of small structures will also play a 

major role in imaging of atherosclerosis and will support the advance of molecular 

imaging with targeted contrast agents, gene therapy and stem cell delivery (12, 13). 
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