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Introduction 

Gadolinium-enhanced three-dimensional magnetic resonance imaging of 

the major vessels of the body has recently become a part of the routine clinical 

protocols at many institutions The idea is to image a large volume with high 

resolution and a large field-of-view during the passage of a T1 shortening 

contrast agent T1 weighted pulse sequences are used and the signal is 

primarily dependent on the passage of the contrast agent through the vascular 

space 

Gadolinium-enhanced perfusion imaging is also clinically used as a 

measure of regional function or blood flow on a number of organs such as the 

brain, breast, heart, kidney and lung The vascularity is used as a measure of 

function in organs such as the heart, liver or kidney or in tumors as an indication 

of malignancy Perfusion scans can also demonstrate the hemodynamic effects 

of vascular abnormalities 

Angiography and perfusion provide complementary information for 

diagnosis Angiography yields visualization of the pathological disease (e g 

renal artery stenosis, pulmonary embolism) Perfusion scans demonstrate the 

hemodynamic effects of the vascular abnormalities Therefore, perfusion 

imaging is thought to provide an assessment of the significance of a vascular 

abnormality 

Consistent and accurate diagnosis of vascular disease with gadolinium-

enhanced MR angiography is affected by many factors Patient tolerance, 

sufficient contrast-to-noise and spatial resolution are the common factors which 

are typically needed for a diagnostic study The scan duration directly affects 

motion artifacts and the separation of arteries and veins Apart from an accurate 

measurement of vessel narrowing, the assessment of significance of a vascular 

lesion can also be valuable m determining the course of clinical treatment 
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Introduction 

In the present thesis, several novel gadolinium-enhanced MR imaging 

techniques for angiographic and combined angiographic/perfusion imaging are 

developed Preliminary results in healthy and diseased subjects are reported 

The first goal of the study was the primary implementation, 

refinement and clinical application of cardiac-synchronized (ECG-gated) 

gadolinium-enhanced MR angiography in healthy volunteers and patients. 

In chapter 1, a single slab gadolinium-enhanced cardiac-synchronized MRA 

technique for coronary angiography is implemented and tested in healthy 

volunteers Current choices for MR bright-blood imaging of the coronary arteries 

are the segmented 2D breath-hold and 3D free-breathing (navigator) techniques 

These techniques use spin density, inflow enhancement and the relaxation rates 

of blood as the primary contrast mechanisms to visualize the coronary arteries 

Recently, 3D gadolinium-enhanced MRA of the major vessels of the body has 

been shown to provide excellent vascular contrast The use of cardiac-

synchromzation, breath-holding and gadolinium-enhancement represents a new 

technique for MR imaging of the heart 

In chapter 2, the single slab technique is extended to a multi-slab 

technique allowing improved spatial coverage or the acquisition of three-

dimensional CINE data Each 3D imaging volume is synchronized with the heart 

cycle and uses k-space data collected during only a short period of each heart 

cycle Two variants on the original breath-hold scheme are presented using the 

original implementation's "quiet time" in each cardiac cycle to collect additional 

information The multi-slab acquisition increases five to six times the technique's 

volume coverage and allows full coverage of the heart during a single breath-

hold The CINE acquisition acquires consecutively the same three-dimensional 

information during the cardiac cycle, resulting in a three-dimensional movie of 

the beating heart 
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Introduction 

In chapter 3, the multi-slab cardiac-synchronized technique is used for 

imaging of thoracic aortic disease. The comparison between cardiac-

synchronized and unsynchronized imaging of the thoracic aorta is made. We 

hypothesize that the use of a cardiac-synchronized technique should minimally 

provide the same diagnostic information and additionally allow the reliable 

visualization of the aortic valve leaflets and proximal coronary arteries. 

The potential of cardiac-synchronized Gd-enhanced MR imaging for non

invasive coronary angiography and the assessment of thoracic aortic disease is 

explored in the first three chapters of this thesis. 

The second goal of the study was the implementation and testing 

of the simultaneous collection of Gd-enhanced perfusion MR images and 

Gd-enhanced MR angiograms. Two different techniques are considered. The 

first is the interleaving of two-dimensional and three-dimensional gradient-echo 

sequences and the second is the rapid acquisition of three-dimensional gradient-

echo images. 

The first application of "Dynamic gadolinium-enhanced three-

dimensional abdominal arteriography" used an infusion and acquisition time 

greater than 5 minutes. The subsequent use of a breath-hold acquisition for the 

removal of respiratory artifacts necessitated an acquisition time less than 30 

seconds. The current implementation of acquiring one data set post-contrast 

agent is very sensitive to the time of acquisition in terms of depicting arterial or 

later phases. Characterization of the passage of the contrast bolus through 

different vascular phases requires an even finer temporal resolution. Repetition 

of the acquisition with a high temporal resolution would allow the three-

dimensional visualization of several distinct vascular phases. 

In Chapter 4, a new pulse sequence is implemented and tested that 

allows the simultaneous acquisition of 2D perfusion and 3D angiographic data 

during a single bolus injection of a gadolinium contrast agent. Examples are 
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Introduction 

given in the lung, kidney and heart. This chapter relates the dual goals of this 

thesis by simultaneously acquiring cardiac perfusion information and a cardiac-

synchronized Gd-enhanced coronary angiogram in a healthy volunteer. 

In Chapter 5, implementation and preliminary experience in healthy 

volunteers of dynamic three-dimensional magnetic resonance abdominal 

angiography and perfusion is presented. The approach described here with an 

ultra-fast sequence utilizes three techniques to reduce acquisition time and 

simplifies the data acquisition and reconstruction procedure by acquiring 

complete three-dimensional volumes in under six seconds. The method allows 

the visualization of several vascular phases using a single injection of contrast 

agent. 

In Chapter 6, a technique for producing high-resolution gadolinium-

enhanced MR images of the hand which demonstrate three-dimensional 

angiographic anatomy and permit measurement of distal soft tissue perfusion is 

presented. High-resolution magnetic resonance angiograms of the hand as well 

as qualitative perfusion information can be produced using a rapid sequential 

gadolinium-enhanced three-dimensional gradient-echo technique. 

The potential of two techniques for the simultaneous acquisition of 

angiographic and perfusion images is explored in the second part of this thesis. 
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Outline of the thesis 

In chapter 1, a single slab gadolinium-enhanced cardiac-synchronized MRA technqiue 

is implemented and tested in healthy volunteers for imaging of the coronary 

arteries 

In chapter 2, the single slab technique is extended to a multi-slab technqiue allowing 

improved spatial coverage or the acquisition of three-dimensional CINE data 

In chapter 3, the multi-slab cardiac-synchronized technqiue is used for imaging of 

thoracic aortic disease 

In chapter 4, a new pulse sequence is implemented and tested that allows the 

simultaneous acquisition of 2D perfusion and 3D angiographic data during a 

single bolus injection of a gadolinium contrast agent 

In chapter 5, implementation of and preliminary experience in healthy volunteers is 

obtained with a dynamic three-dimensional magnetic resonance abdominal 

angiography and perfusion technique with a temporal resolution five seconds 

In chapter 6, a technique for producing high-resolution gadolinium-enhanced MR 

images of the hand which demonstrate three-dimensional angiographic anatomy 

and permit measurement of distal soft tissue perfusion is explored 
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1 
Breath-hold Gadolinium-enhanced 

Three-dimensional Magnetic Resonance 

Angiography of the Coronary Arteries 

James W. Goldfarb and Robert R. Edelman 

Department of Radiology, Beth Israel Deaconess Medical Center 

Harvard Medical School 

Boston, MA 

This chapter is based on the following presentation and publication 

J W Goldfarb, W Li, M A Gnswold, Ρ V Prasad and R R Edelman, Contrast 
enhanced breath-hold 3D coronary MRA In Proceedings of the Fifth Meeting of the 
ISMRM, Vancouver, BC, Canada, April 1997, p441 

J W Goldfarb and R R Edelman, Coronary arteries breath-hold, gadolinium-
enhanced, three-dimensional MR angiography Radiology 206, 830- 834, (1998) 

Abstract 

The feasibility of three-dimensional single breath-hold contrast magnetic 

resonance angiography of the coronary arteries was investigated. A three-

dimensional spoiled gradient echo imaging technique was used to image the 

passage of an intravenously injected paramagnetic contrast agent through the 

coronary vasculature in four healthy subjects. Image contrast is solely 

dependent on the injected contrast agent. The three-dimensional acquisition 

allows retrospective reformation and display with maximum intensity projection 

and rendering algorithms. 
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Chapter 1 

Introduction 

To date, two-dimensional and three-dimensional MRI sequences have used 

spin density, inflow enhancement and the relaxation rates of blood as the primary 

contrast mechanisms to visualize the coronary arteries [1-5]. Developments in 

the last five years have allowed reliable visualization of the proximal coronary 

arteries, but detection and quantification of stenosis still remain unreliable [6]. 

Early studies promised high sensitivity and specificity values, but recent studies 

have reiterated the initial concerns for the problems of motion artifacts, 

resolution, contrast, and patient toleration. 

Reliable MR coronary angiography is challenging due to the motion of the 

coronary arteries during the cardiac and respiratory cycles [7]. Many strategies 

have been proposed that produce images of the coronary arteries despite the 

motion challenges. The most widely used are the 2D breath-hold [2, 4] and 3D 

navigator respiratory gated techniques [8, 9]. ECG triggering is used almost 

exclusively to image at a particular point in the cardiac cycle. Two-dimensional 

techniques typically acquire one slice per breath-hold at a fixed spatial position 

for one phase of the cardiac cycle. These 2D techniques require 15-25 breath-

holds for adequate spatial coverage of the coronary tree. Registration of data 

from consecutive breath-holds is typically a problem [10]. Three-dimensional 

techniques are performed during free breathing and use a form of respiratory 

gating (e.g. navigator echoes). Both 2D and 3D techniques require patient 

cooperation for at least 30 minutes to produce a coronary MR angiogram. Other 

hybrid techniques have been proposed such as two-dimensional navigator gated 

techniques [11] and interleaved echo-planar imaging [12, 13]. 

Recently, 3D contrast enhanced MRA of the major vessels of the body has 

been shown to provide excellent vascular contrast [14]. These scans have a 

short acquisition time and image contrast is predominantly due to the T1 

differences between the blood and surrounding tissue. The use of contrast 

media has significantly improved the diagnostic quality of MR angiography. It 

would not be unreasonable to assume that the improvements would be the same 
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Breath-hold Gd-enhanced 3D MRA of the Coronary Arteries 

in the coronary arteries, but the technical requirements are more demanding due 

to respiratory and cardiac motion. Here we describe our initial experience with 

the application of contrast 3D MR angiography to map the coronary anatomy. 

Methods 

Figure 1: Diagram shows the 3D RF-spoiled gradient echo sequence and 

cardiac gating strategy used for gadolinium-enhanced coronary MR imaging. 

ADC = analog-to digital conversion (sampling), Gx.z = gradients in each axis, TE 

= echo time, TR = repetition time. 

A three-dimensional gradient echo sequence, Figure 1, (TR/TE =3.0/1.2 

msec; FA = 25 degrees) was implemented on a 1.5 Τ MR imaging system 
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Chapter 1 

(MAGNETOM Vision, Siemens AG, Erlangen, Germany, maximum available 

gradient strength on each axis = 25 mT/m maximum, minimum rise time to 25 

mT/m on each axis = 300 μββο). A 3D-segmented k-space acquisition was 

used. Forty phase encoding lines were collected every heartbeat. Thus the 

acquisition window in each R-R interval was 120 msec. Prior to the collection of 

the k-space data in each heartbeat, 60 preparatory RF-pulses were applied to 

achieve a steady-state before the acquisition of the phase encoding lines. An 

appropriate delay was used before the preparatory pulses such that the data 

acquisition period was in mid-diastole. The forty collected phase encoding lines 

were acquired asymmetrically and an additional 24 lines were synthesized using 

the Projection onto Convex Sets (POCS) partial-Fourier method [15, 16]. The 

3D phase encoding gradient was incremented every heartbeat and the number 

of 3D partitions could be varied according to how long the subjects could hold 

their breath. The acquisition volume was 240x120x64 mm. Twenty-four partitions 

yielded a voxel size of 0.94x1.87x2.66 mm. 

Four subjects were imaged in a supine position using the two anterior 

elements of a standard four element body phased array receive RF coil for 

spatial localization. Informed consent was obtained from all subjects and the 

study protocol was approved by the institution's human investigations committee. 

A 22 gauge intravenous catheter was placed in the right antecubital vein of 

each volunteer. An inversion recovery turbo-flash timing scan was used to 

calculate the circulation time for each volunteer [17]. Sequence parameters 

were: TR/TE/TI = 7.7/4.7/830 msec; FA = 15 degrees; one slice was acquired 

every two seconds; 1 ml GdDTPA followed by a 10 ml saline flush was injected 

at a rate of 1.6 ml/sec. The results of a typical timing scan are given in Figures 2 

and 3. The transit time of the contrast to the descending aorta was calculated 

from the timing scan using an ROI analysis in the descending aorta. 

Angiographic imaging was performed at end-expiration. 30-40 ml of 

gadopentetate dimeglumine (Magnevist: Berlex Laboratories, Wayne, NJ) were 

hand injected intravenously over 25 seconds. 
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Breath-hold Gd-enhanced 3D MRA of the Coronary Arteries 

Figure 2: Typical timing scan to calculate the appropriate time delay between the 

start of the contrast agent injection and the start of the angiographic scan. Scan 

parameters are given in the text. The contrast can be seen in the superior vena 

cava (SVC) after six seconds, pulmonary trunk (PT) after 22 seconds and the 

ascending and descending aorta (AscAo, DescAo) after 26 seconds. 
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Figure 3: Signal intensity in the descending aorta using the data from Figure 2. 

From this information in this graph, the angiographic scan was started 28 

seconds after the administration of the contrast agent. 
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Chapter 1 

Results: 
The scan was successfully performed on four healthy subjects. The coronary 

arteries could be identified throughout the 64 mm acquisition volume. The 

imaging slab was positioned to include the proximal to mid-right and left coronary 

arteries. Shown in Figure 4 are typical results from one subject. The sixteen 

central slices of a twenty-four slice acquisition acquired during a single 24 heart

beat breath-hold are shown. Portions of the right and left coronary vasculatures 

can be seen. 

Figure 4: Sixteen contrast magnetic resonance coronary images from a twenty-

four slice acquisition obtained in a healthy volunteer during a 20 second breath-

hold period with a 80hx256 matrix and a 120x240 mm field-of-view. Sequence 

parameters: 3D RF-spoiled gradient echo sequence; TR = 3.0 msec; TE = 1.0 

msec; FA = 25. Segments of the left main, left anterior descending, left 

circumflex and right coronary arteries can be seen. 
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Breath-hold Gd-enhanced 3D MRA of the Coronary Arteries 

Figure 5: Maximum intensity projection using the source images in Figure 4. 

The blood pool has been manually edited. The left main (LM) and anterior 

descending (LAD) coronary arteries, root of the left circumflex (LCx) as well as 

the great coronary vein (GCV) can be seen. The superior vena cava (SVC), 

aorta (AO) and right ventricular outflow tract (RVOT) can be seen. The collection 

of a three-dimensional data set in a single breath-hold allows retrospective 

reformation at arbitrary angles as well as post-processing with maximum 

intensity projection and rendering algorithms. 
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Chapter 1 

Figure 6: Comparison of the signal intensity with the same sequence 

parameters before and after the bolus administration of a T1 shortening agent, 

a) pre-contrast and b) post-contrast from a slice showing the left main coronary 

artery, c) pre-contrast and d) post-contrast from a slice showing the right 

coronary artery. The signal intensity in the coronary arteries is solely due to the 

administered contrast agent. Effects from flowing blood or the relation times of 

the blood have been removed. Therefore the images can be said to be 

""contrast" MR coronary angiogram as opposed to "contrast enhanced" MR 

coronary angiogram. Labeled are the aorta (AO), superior vena cava (SVC) left 

main coronary artery (LM), pulmonary artery (PA), right atrium (RA), Right 

coronary artery (RCA), right ventricular out-flow tract (RVOT). 
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Breath-hold Gd-enhanced 3D MRA of the Coronary Arteries 

The acquisition of a three-dimensional volume allows retrospective 

processing as is the common practice in MR angiography with a maximum 

intensity projection algorithm (MIP) The MIP of the data in Figure 4 is given m 

Figure 5 After removal of the overlapping signal from the blood in the ventricles, 

the MIP shows the left mam (LM), anterior descending (LAD) and left circumflex 

coronary (LCx) arteries as well as the great coronary vein (GCV) The 

pulmonary arteries and veins are also well visualized Only the root of the right 

circumflex artery is seen due to overlapping signals from other vascular sources 

The effects of the administered contrast agent are shown in Figure 6 The 

scan was performed before and after the injection of the gadolinium contrast 

agent The mean signal increase in the aorta in the volunteers was 583 percent 

(range = 441%-775%) In the anterior portion of the heart m the plane of the 

right coronary artery and at the edges of the three-dimensional slab, there was 

significant signal in the pre-contrast acquisitions due to inflow effect Signal in 

the coronary arteries in the post-contrast images was solely due to the injected 

contrast agent 

Discussion 

Consistent visualization of the coronary arteries in a reasonable time period 

has been reported by many investigators, but existing methods have not proven 

adequate for the consistent diagnosis of coronary artery stenosis Contrast 

enhanced angiography in the body and periphery has been reported to 

accurately depict stenosis [18-20] It is logical to assume that the benefits of a 

breath-hold contrast angiogram in the heart would be the same as those in the 

body, even though the technical challenges are more demanding 

Due to respiratory and cardiac motion constraints, the total duration of data 

collection was 2 9 seconds (120 msec per R-R interval times 24 heartbeats) 

High powered gradient systems are necessary to realize the necessary ultra

short repetition times A partial-Fourier technique and a rectangular field-of-view 
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Chapter 1 

were used to reduce the number of collected phase encoding steps without 

sacrificing resolution Other sophisticated reconstruction algorithms or 

segmented echo planar imaging techniques may prove useful in the future 

In the future, selective contrast coronary MR angiography may be performed 

by orientating the 3D slab along the coronary artery or spatial coverage could be 

increased by imaging multiple 3D slabs at successive cardiac trigger delays m a 

single breath-hold Multiple injections of currently available contrast agents or 

intra-vascular agents will be helpful for this application This will allow the 

acquisition of the entire coronary tree 

Processing of the coronary MR angiograms has several pitfalls 

Interpretations based on maximum intensity projection images must take into 

account the non-isotropic pixels The changing orientation of the vessel with 

respect to the pixel dimension can lead to processing artifacts The original data 

(Figure 4) should be used in conjunction with processed images (Figure 5) The 

original images should always be examined Since the coronary arteries are in 

close proximity to the blood pool, segmentation of the coronary arteries or 

removal of the blood pool is essential This segmentation can easily remove part 

of the coronary artery or not remove part of the blood pool and result in a 

misidentification of the coronary artery or stenosis Also rotation of the coronary 

tree with respect to the original imaging plane can show false irregularities in the 

vessel diameter due to the differing resolution in each dimension 

Magnetic resonance first-pass contrast enhanced 3D coronary angiography is 

feasible on current clinical imaging systems with a paramagnetic contrast agent 

This method 1 ) provides a coronary angiogram over a large volume in less than 

30 seconds, 2) eliminates the dependence of contrast on flow effects which can 

cause artifacts and misdiagnosis, and 3) reduces operator dependence for slice 

orientation and positioning 
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Thoracic Magnetic Resonance Angiography: 
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Cardiac-synchronized Gadolinium-enhanced 
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This chapter is based on the following presentation and a submitted publication: 

J.W Goldfarb and R R Edelman, Multi-slab Gadolinium-enhanced Three-
dimensional Breath-hold MR Angiography of the Coronary Arteries In Proceedings of 
the Radiological Society of North America, Chicago, 1998 # 725 

Abstract 

To improve spatial coverage and reduce artifacts resulting from the natural 

movement of the heart, two separate techniques for gadolinium-enhanced 

thoracic angiography were implemented. Segmented MR cardiac-synchronized 

pulse sequences collect k-space data during only a short portion (-100 msec) of 

the cardiac cycle. Multi-slab and CINE implementations of 3D gadolinium-

enhanced ECG-triggered imaging acquire additional data during the unused 

portions of the cardiac cycle, resulting in additional images. Each 3D imaging 

volume is synchronized with the heart cycle and uses k-space data collected 

during only a short period of each heart cycle. In a single breath-hold, a multi-

23 



Chapter 2 

slab acquisition (n=5) allowed ECG-synchromzed imaging of the entire heart or a 

CINE acquisition (n=5) provided multiple stacks of images at different phases in 

the cardiac cycle over a smaller area. Preliminary results acquired in healthy 

volunteers and patients with aortic disease indicate that additional images can be 

acquired without an increase in breath-hold duration or a reduction in image 

quality. 

Introduction 

Gadolinium-enhanced three-dimensional gradient-echo magnetic 

resonance angiography (MRA) has proved to be a useful and increasingly 

popular technique for non-invasive angiography of the thorax. Recent reports 

have shown comparable accuracies with conventional catheter angiography in 

investigations of the thoracic aorta [1-3], arch vessels [4-6] and pulmonary 

vasculature [7]. Three-dimensional breath-hold MRA is currently used for the 

diagnosis, surgical planning and post-operative follow-up of congenital and 

acquired thoracic vascular disease [8-10]. The fast technique is accurate, robust 

and operator independent. Continuing hardware and technical improvements 

suggest that gadolinium-enhanced MRA will play an important role in the 

morphological and functional evaluation of vascular disease not only in the 

thorax, but also throughout the body. 

Magnetic resonance angiography of the thorax is a formidable challenge 

due to motion throughout the respiratory and cardiac cycles. A variety of 

techniques have been developed to overcome the obstacles impeding reliable 

MR angiography of moving vessels [11-13]. Each report provides another 

strategy designed to optimize image contrast and minimize artifacts related to 

motion. Magnetic resonance coronary angiographic methods currently employ 

techniques to either halt, synchronize to, correct for or monitor the movement of 

the structures of the heart throughout the respiratory and cardiac cycles. Image 

contrast depends mainly on the suppression of signal from epicardial fat and 

myocardial muscle because images are predominantly spin-density weighted. 
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Spin-lattice (T1) contrast agents have recently provided a new image 

contrast mechanism in magnetic resonance angiography. Vessels can be either 

identified though the presence of the contrast agent [14] or digital subtraction of 

pre-contrast acquisitions [15]. After intravenous injection of the contrast agent, 

the shortened blood spin-lattice (T1) relaxation time allows the use of rapid 

three-dimensional gradient-echo techniques. Current gadolinium-enhanced 

techniques [16] are not synchronized with the motion of the beating heart. A 

clear depiction of the heart and visualization of the coronary arteries is rare 

without cardiac synchronization. 

A combination of techniques from MR coronary angiography (MRCA) 

and MR gadolinium-enhanced angiography (3D Gd-MRA) has provided several 

encouraging feasibility studies with improved visualization of the coronary 

arteries [17-19]. The MR coronary angiography techniques include ECG 

synchronization and a segmented k-space acquisition [12]. The MR gadolinium-

enhanced angiography techniques are bolus injection of T1 shortening contrast 

agent [14], timing of bolus to individual circulation time [20], breath-holding [21] 

and the use of a 3D short TR gradient-echo acquisition [22]. 

The marriage of the two disciplines (3D Gd-MRA and MRCA) places 

additional acquisition time restrictions on the pulse sequence. For optimal image 

quality, k-space data can only be collected over a short portion of each heartbeat 

(-100 msec). Breath-hold imaging therefore limits the examination area. This 

limitation advantageously leaves unused time in the cardiac cycle. 

Two variants on the original breath-hold scheme [17] are presented 

which use the original implementation's "quiet time" in each cardiac cycle to 

collect additional information. 

1) The multi-slab acquisition increases five to six times the technique's volume 

coverage and allows full coverage of the heart during a single breath-hold. 
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2) The CINE acquisition acquires consecutively the same three-dimensional 

information during consecutive parts of the cardiac cycle resulting in a 

three-dimensional movie of the beating heart. 

Materials and Methods 

Imaging hardware and subjects: 

All examinations were performed on one of two 1.5 Τ Magnetom VISION 

MR systems (Siemens Medical System; Erlangen, Germany) equipped with 25 

mT/m maximum gradient amplitude and 300 μββο rise time to the maximum 

gradient strength on each axis. Ten imaging sessions were used. Six healthy 

volunteers (mean age: 33 years; range: 28-36 years) and 3 patients (2 χ thoracic 

aortic aneurysm and 1 χ right ventricular thrombus) (ages: 31,55,69 years). One 

healthy volunteer participated in both the multi-slab and CINE examinations on 

separate days. This paper describes the results from five multi-slab and five 

CINE examinations. Informed consent was obtained from all subjects. The 

institution's human investigations committee approved the study protocol for all 

healthy subjects. 

Subjects were placed in a supine position. A standard four-channel 

quadrature body phased array coil was placed over the chest. During gadolinium-

enhanced imaging, only the two anterior elements of the radio-frequency coil 

were used for signal reception except in one case. In this case, all elements 

were used. Use of the anterior elements provided spatial localization and 

prevented aliasing (fold-over). The start of data collection was synchronized to 

the individual's cardiac cycle using the standard carbon ECG leads positioned on 

the subject's back. 

A 22 gauge intravenous catheter was placed in the right antecubital vein 

of each subject. 40 ml of gadopentetate dimeglumine (Magnevist: Berlex 

Laboratories, Wayne, Ν J) were injected at a rate of 1.6 ml/sec followed by a 10 
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ml saline flush at the same injection rate using an MR compatible power injector 

(Berlex Pittsburgh, PA) 

Gadolinium-enhanced Angiography: 

During bolus injection, paramagnetic magnetic resonance gadolinium 

contrast agents such as GdDTPA lower the spin-lattice (T1) and spin-spin (T2) 

relaxation times of blood The effect of the contrast agent is directly proportional 

to its concentration Assuming an average stroke volume of 75 ml, heart rate of 

75 bpm, a contrast agent T1 relaxivity, R1 = 4 5 mM 1 s 1 , contrast agent 

concentration of 0 5 mol/L and adequate mixing of the blood and contrast agent, 

we can assume that for an injection rate of 1 6 ml/sec, the T1 of blood in the 

aorta and coronary arteries is approximately 30 msec 

This shortened relaxation parameter allows imaging to be effectively 

done with short repetition time (TR) gradient-echo sequences Optimization of 

FLASH type sequences is well known The maximum signal in a sequence with 

spoiled gradient echo (FLASH) with a fixed repetition time is obtained at the 

Ernst angle (Θ = cos 1(e T R / T 1)= cos 1(e3 1 / 3 0) = 25°) This assumes that the signal 

from the magnetic spins of blood have achieved a steady-state (equilibrium) 

Data were collected only after sixteen "dummy" preparation excitations to ensure 

this equilibrium After the preparation RF pulses, the emitted signal has reached 

a steady-state and additional pulses do not alter the emitted signal Acquisition 

of data prior to equilibrium will result in amplification of the k-space data This 

amplification reduces resolution and may cause substantial artifacts 

ECG triggered breath-hold sequence design: 

The use of breath-holding and ECG synchronization place additional 

constraints on the implementation of the well described gadolinium-enhanced 

pulse sequences To minimize artifacts from respiration and the normal cardiac 
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cycle, data acquisition is limited to a short portion of the cardiac cycle (-100 

msec) and a comfortable breath-hold duration (-24 heartbeats). A previous 

implementation [23] has used high performance gradient hardware, a targeted 

acquisition and a partial-Fourier technique allowing the three-dimensional 

coverage of a limited section of the thorax in a single breath-hold. Forty in-plane 

phase-encoding lines were collected each heartbeat and an additional twenty-

four in-plane phase encoding lines were extrapolated using the POCS partial-

Fourier algorithm [24]. The phase encoding lines for each 3D partition were 

acquired each heartbeat. Therefore, the breath-hold duration was equivalent to 

the number 3D partitions. 

The previously described partial-Fourier acquisition strategy as well as 

another segmentation acquisition strategy was used. The new sequence design 

interleaved in-plane phase-encoding lines collected on successive heartbeats. In 

contrast to the partial-Fourier acquisition strategy, the breath-hold duration 

(measured in heartbeats) was equivalent to twice the number 3D partitions. The 

acquisition allowed the collection of more in-plane phase-encoding lines at the 

expense of longer breath-hold durations. 

The three-dimensional gradient timing (TR = 3.1 msec; TE = 1.0 msec; FA = 25 

degrees; Matrix = 256x64; Number of slices = 24-32; slice thickness = 1.5-2 mm; 

FOV = 25-32 cm) common to both the partial-Fourier and non-partial-Fourier 

acquisition strategies was designed to rapidly acquire enough k-space data 

within the limitations of the system hardware. Phase encoding, gradient-echo 

rephasing and gradient spoiling follow a selective excitation. Additionally, RF 

spoiling was used to ensure FLASH contrast [25]. 

Multi-slab Acquisition: 

Multi-slab imaging allowed cardiac synchronized coverage of the entire thorax in 

a single breath-hold. A schematic is shown in Figure 1. During each cardiac 

cycle, multiple slabs were excited and measurements at different slice positions 

were made during consecutive portions of the cardiac cycle. Overlapping 
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transverse slabs were position over the heart. Each slab was positioned to 

redundantly acquire 25 percent of adjacent slabs. This type of acquisition 

resembles the thin slice multiple overlapping thin slab acquisition (MOTSA) time-

of-flight method [26]. Slab excitation order was selected at the user console. 

Any slab excitation order was possible. Preparatory pulses were used to achieve 

a steady state signal before each slab. 

CINE Acquisition: 

CINE imaging is a variant of the multi-slab technique. Differences include the 

placement of slabs and steady-state preparation. 3D CINE imaging was 

performed by repeating the measurement several times after the triggering signal 

without additional steady-state preparation. The gating strategy is also shown in 

Figure 1. Preparatory pulses were used to achieve a steady-state signal before 

only phase 1 since the acquisition of previous cardiac phase prepared the 

magnetization for later phases. 
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Figure 1: Section positioning, cardiac synchronization and spin preparation 

strategies for multi-slab and CINE gadolinium-enhanced MR angiography: 

Previous work used only a short duration of the cardiac cycle and collected 

single-slab data during one cardiac phase (diastole). A schematic is shown only 

for one heartbeat. Figure is to scale for a heart rate of 85 bpm. Slower heart 

rates allow the acquisition of more slabs or phases. 

Multi-slab technique: Slabs are positioned to increase the extent of the examination area. 

Data synchronized with a specific time in the cardiac cycle for several slabs is collected 

during a short breath-hold. A spin equilibrium is individually established every heartbeat 

for each slab. 

CINE technique: A single slab is positioned and this area is observed at specific times in 

the cardiac cycle. Spin preparation is used once per heartbeat. The collection of data 

during previous cardiac phases establishes a spin equilibrium for later phases. 
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Post-processing and image evaluation: 

Multi-slab acquisitions were reformatted such that there were no duplicating 

slices. Reformation along any angle and processing with maximum intensity 

projection algorithms was performed using the MR machine standard software. 

Data from each subject was reformatted along the sagittal, coronal and para

sagittal orientations for image viewing. 

CINE images were viewed in a movie format as an image over multiple phases 

or reformatted such that spatial reformation could be performed at a single 

cardiac phase. The signal intensities in the aorta, epicardial fat and myocardium 

were measured to investigate the contrast generating abilities of the pulse 

sequence for each subject. The signal-to-noise ratio (SNR) was defined as the 

mean signal intensity in the ascending aorta, 10-20 mm above the aortic valve, 

subtracted by the mean background signal intensity in either the lung or air 

anterior to the chest wall, divided by the standard deviation of the signal in this 

second region. Signal difference-to-noise ratio (SDNR) [27] as a measure of 

contrast generating ability was also calculated. SDNRs for blood/myocardium 

and blood/fat were compared using a commercially available software (Excel; 

Microsoft, Redmond, WA, Student's t-test). A threshold value of ρ less than 0.05 

was used to assign statistical significance for all tests 

Results 

Gadolinium-enhanced imaging was successful in all ten examinations. No 

subjects were excluded from analysis. Conventional catheter angiography was 

not performed for any of the subjects. Surgical correlation was available in all 

three patients and was consistent with gadolinium-enhanced MRA. Post-

contrast imaging studies all demonstrated intense vascular enhancement. 
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Multi-slab Imaging 

A representative example using five overlapping slabs from a healthy volunteer is 

shown in Figures 2 and 3. The original transverse images can be reformatted 

and viewed in any anatomical orientation. Five axial slabs provided sufficient 

spatial coverage for the investigation of the vessels of the heart in this individual. 

Reformation in a double oblique orientation showed segments of the coronary 

arteries (Figure 3). . 

Figure 2: Retrospective reformation of single breath-hold multi-slab acquisition 

from a healthy volunteer: Five axial slabs provide spatial coverage from the aortic 

arch to the base of the heart. Displayed are representative single sections from 

multi-section reformations processed with the MR imagers standard software. 

(SNR/SDNR-myocardium/SDNR-fat=27/20/18) 

a) axial (original orientation) b) sagittal c) coronal d) short axis e) left anterior 

oblique f) long axis 
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AscAo = ascending aorta; DescAo = descending aorta; LA = left atrium; LM = left 

main coronary artery; LV = left ventricle; PT = pulmonary trunk; RA = right atrium; 

RV = right ventricle; RVOT = right ventricular outflow tract SVC = superior vena 

cava 

Figure 3: Double oblique reformation of an axial multi-slab gadolinium-enhanced 

breath-hold acquisition showing the left main (LM), left anterior descending (LAD) 

and right (RCA) coronary arteries. (SNR/SDNR-myocardium/SDNR-

fat=27/20/18) 

Ao = aorta; LAD = left anterior descending coronary artery; LV = left ventricle; PA 

= pulmonary artery; RCA = right coronary artery; RV = right ventricle. 
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CINE Imaging 

Images from a patient with an ascending aortic aneurysm are shown in 

Figures 4 and 5. Images can be viewed at a single cardiac phase (Figure 4) or 

over multiple cardiac phases (Figure 5). Volumetric data show the size of the 

aneurysm (7 cm) and extent (involvement of the ascending aorta and coronary 

arteries). The dynamic data (Figure 5) from the CINE acquisition yielded 

functional information. A "jet" artifact (indicative of aortic valve insufficiency) is 

seen originating from a closed aortic valve in diastole. The movement of the 

heart was well seen with the CINE technique. 

Figure 4: 7 cm thoracic aneurysm (curved arrows) involving the ascending aorta 

and coronary arteries (3.1/0.9). Twenty axial sections at a single cardiac phase 

showing the least amount of motion artifacts demonstrate the aneurysm and its 

involvement with the coronary arteries. At the level of the left ventricular outflow 

tract, a signal void (straight arrow) indicative of aortic valve insufficiency is seen 

during diastole. (SNR/SDNR-myocardium/SDNR-fat=18/12/11) 
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Figure 5: Axial source data at the level of the left ventricular outflow tract 

showing the origin of the right coronary artery (straight arrow). Four cardiac 

phases are shown a) 230 b) 360 c) 400 d) 600 msec. A flow void region (curved 

arrow) originating from the closed aortic valve is seen in diastole. This is 

indicative of aortic insufficiency resulting from the ascending aortic aneurysm. 

Turbulent flow is seen in both systole and diastole. In volunteer studies, no signal 

voids were seen. See Figure 2. (SNR/SDNR-myocardium/SDNR-fat=18/12/11 ) 

Quantitative Results 

A summary of quantitative data is presented in Table 1. Contrast 

(SDNR) between blood and myocardium and blood and epicardial fat was not 

significantly different. Signal-to-noise and signal-difference-to-noise ratios in all 

cases were adequate for the visual identification of the major vessels of the 

thorax. 
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SDNRD SDNRC 

blood Blood/myocardiu blood/epicardial fat 

mean+std 

range 

20.9 ±10.0 

8.8-42.5 

13.8 ±8.7 

5.7-33.5 

15.1 ±8.8 

5.2 - 34.3 

a measured in ascending aorta 
b measured in the myocardium of the left ventricle 
c measured in the area of the proximal right coronary artery 

Table 1: Blood signal-to-noise ratio (SNR) and signal difference-to-noise ratio 

(SDNR) for gadolinium-enhanced 3D breath-hold synchronized angiography 

(n=10) 
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Discussion: 

Multi-slab and CINE gadolinium-enhanced imaging provide two new 

techniques for the investigation of thoracic vascular disease. Breath-hold single-

slab techniques did not provide enough spatial coverage for routine patient use. 

The multi-slab technique solves this volume coverage problem. Though CINE 

imaging is closely related to multi-slab imaging, it uniquely provides a tool for 

clinical and research investigations of cardiac dynamics. The multi-slab and 

CINE sequences may find a place in the routine radiological examination of 

thoracic vascular disease. These options are not yet available from MR 

manufacturers, but will surely be part of the new cardiac MRI machines due to 

the continuing enthusiasm for gadolinium-enhanced MR angiography. As a 

result of cardiac synchronization, the multi-slab acquisition will add better 

definition of routinely visualized vascular structures when compared with 

unsynchronized imaging. Also, routine visualization of the coronary arteries will 

be possible. Imaging time is minimal. A single twenty-four-heartbeat breath-hold 

was the acquisition time needed to acquire several three-dimensional volumes. 

These sequences may also be useful for three-dimensional single breath-hold 

imaging of acute myocardial infarction minutes after the gadolinium injection. 

CINE imaging may be used in conjunction with a pharmacological stress or 

exercise for the assessment of myocardial function. Previous work in these 

areas was performed with 2D breath-hold techniques. 

Current choices for bright-blood imaging of the thorax are the non-gated 

3D gadolinium-enhanced [1], segmented 2D breath-hold [11], free-breathing 

three-dimensional (navigator) [13] and cardiac synchronized gadolinium-

enhanced techniques. Non-synchronized 3D gadolinium-enhanced angiography 

is now the most popular choice due to is ease of use and high contrast, detail 

and accuracy. The 2D breath-hold approach is attractive because the acquisition 

can be repeated, but requires extensive cooperation from the patient. Navigator 

methods also require extensive patient cooperation and are still under 
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development [28]. The cardiac synchronized gadolinium-enhanced technique 

should be used when motion of the heart can obscure vascular disease in the 

thorax and for visualization of the coronary arteries. 

A study comparing the accuracy of synchronized and unsynchronized 

gadolinium-enhanced imaging is warranted and currently underway. The 

techniques presented here are fully compatible with the so-called "blood pool 

agent" [29-30] assuming the T1 shortening is comparable to current gadolinium-

enhanced imaging. The techniques presented here are also compatible with 

free-breathing acquisitions [31]. Repeated acquisitions with multiple gadolinium 

contrast injections [18] have been reported and could be used to combine 

unsynchronized gadolinium-enhanced imaging, multi-slab and CINE 

synchronized imaging in a single imaging session. 

Image contrast and resolution as well as normal cardiac and respiratory 

motion have always been and remain the predominant obstacles to reliable 

visualization of the coronary arteries and the consistent diagnosis of coronary 

artery disease. Many technical advances have been made to allow reliable 

visualization of the coronary arteries using MRI. The use of intravenously injected 

contrast agents will not immediately remove these obstacles. Contrast agents 

provide only the image contrast mechanisms for the visualization of blood, but 

will allow the use of efficient acquisition strategies, which in turn will allow 

thoracic images with improved quality and decreased sensitivity to normal 

physiological motion. 
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Abstract 

Cardiac-synchronized gadolinium-enhanced three-dimensional breath-

hold magnetic resonance angiography was performed in thirteen patients with 

suspected or known disease of the thoracic aorta. Cardiac-synchronized MR 

angiograms were compared with gadolinium-enhanced angiograms obtained 

without cardiac synchronization. Synchronized imaging showed significantly 

better aneurysm, aortic valve leaflet and proximal coronary artery depiction. 

Synchronization reduced motion artifacts allowing a better visualization of the 

aortic root and proximal coronary arteries. 
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Introduction 

Malfunction of the aorta is the thirteenth most common cause of death 

[1]. Several tests are currently done to determine the presence, extent and 

treatment of the diseases of the aorta, such as aneurysms, dissections, aortitis 

and congenital disorders. Imaging tests for these conditions include contrast-

enhanced computed tomography (CT), magnetic resonance imaging (MRI), 

transesophageal echocardiography (TEE) and x-ray catheter angiography. 

Despite the advances in imaging technology, failure of diagnosis continues to be 

a major problem. A recent autopsy study (n=50) reported that 58% of the 

subjects dying from acute Stanford type A dissection never underwent surgery 

and presumably their disease was never diagnosed [2]. Planning of complex 

operative procedures, avoiding unexpected intra-operative discoveries of 

anatomic and pathologic conditions that may lead to life-threatening 

complications, as well as the mere diagnosis of disease are the challenges that 

diagnostic imaging is currently faced with. 

Gadolinium (Gd)-enhanced angiography without synchronization to the 

cardiac cycle, as described by Prince et al. [3], has become a routine protocol for 

the evaluation of both acquired and congenital disease of the thoracic aorta [4-9]. 

Many investigators have improved the original technique and current protocols 

differ mainly with respect to minor sequence parameters and optimization of 

contrast media usage. Important characteristics of the unsynchronized 

technique are the bolus injection of the gadolinium contrast agent, breath-

holding, use of a short TR three-dimensional gradient-echo sequence and 

restriction of the acquisition time (-25 seconds)[10]. 

Though several preliminary reports of cardiac-synchronized Gd-

enhanced MRA have been published [11-14], to our knowledge, comparison to 

unsynchronized imaging has not been made. Our current implementation of 

cardiac-synchronized Gd-enhanced MR angiography utilizes several additional 

techniques: ECG gating with optical conversion [15], echo-planar capable 
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gradient hardware, a multi-slab acquisition, a novel steady-state radio frequency 

preparation, a novel phased array reconstruction and a partial-Fourier 

reconstruction [16]. With these additional techniques a three-dimensional 

angiogram can be collected in less than three seconds and thus a 3D segmented 

k-space acquisition during a twenty-four heartbeat breath-hold can be realized 

[13]. The segmented k-space acquisition has been shown to improve the quality 

of MRI heart images allowing a reliable visualization of the coronary arteries [17]. 

We present our initial results using a cardiac-synchronized gadolinium-

enhanced 3D breath-hold technique for routine imaging of thoracic aortic 

disease. We hypothesize that imaging with a cardiac-synchronized technique 

should minimally provide the same diagnostic information as conventional 

unsynchronized imaging and, in addition, allow a reliable visualization of the 

aortic valve leaflets and proximal coronary arteries. 

Materials and Methods 

Patients 

Thirteen patients (Tablel; 9 males and 4 females) underwent thoracic 

MRI examinations. The patients' mean age was 45 years (range 24-72 years). 

In 7 patients, the MRI scan was performed as part of the diagnostic work-up for 

aortic disease. In 6 patients the scan was part of the routine surveillance of 

known aortic disease. All patients were in stable sinus rhythm. Informed 

consent was obtained from all subjects. The study protocol was approved by the 

institution's human investigations committee. 
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Table 1: Patient Information 
Patient 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 
13 

Brief medical history / 

post MRI surgery 

Marfan syndrome 

Underwent surgery for a type A 
dissection using a composite 
graft mechanical prosthesis 
with re-implantation of the 
coronary arteries 
Marfan syndrome 

Clinical suspicion of acute 
dissection, family 
predisposition/ 
Supracoronary ascending aorta 
replacement surgery (6 days 
post-MRI) 
Growing aortic aneurysm/ 
Composite graft mechanical 
prosthesis, with re-implantation 
of the coronary artenes surgery 
(22 days post-MRI) 
Suspicion of Marfan syndrome 

Marfan syndrome 

Atrium fibrillation, on 
ultrasound dilated sinus of 
Valsalva/ 
Composite graft mechanical 
prosthesis, with re-implantation 
of the coronary artenes surgery 
(1 day post-MRI) 
Post supracoronary ascending 
aorta replacement surgery for 
type A dissection, complicated 
postoperatively by paraplegia 
Marfan syndrome 

Marfan syndrome- Underwent 
surgery for a type A dissection 
using a composite graft 
mechanical prosthesis with re
implantation of the coronary 
arteries 
Marfan Syndrome 
Marfan Syndrome 

Indication for MRI scan 

Diagnostic work-up 

Routine postoperative 
follow-up 

Routine surveillance 

Diagnostic work-up 

Diagnostic work-up pre-
operatively 

Diagnostic work-up 

Routine surveillance 

Diagnostic work-up 

Diagnostic work-up for 
suspicion of new type A 
dissection 

Routine surveillance 

Routine surveillance 

Diagnostic work-up 
Routine surveillance 

Heart rate 

(bpm) 

60 regular/ 
equal 

80 regular/ 
equal 

60 regular/ 
equal 

56 regular/ 
equal 

64 regular/ 
equal 

66 regular/ 
equal 

60 regular/ 
equal 

54 regular/ 
equal 

80 regular/ 
equal 

100 regular/ 
equal 

60 regular/ 
equal 

58 regular/equal 
62 regular/ 

equal 

Daily use of 

ß-blockers 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

No 

No 

Yes 

Yes 
Yes 
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Imaging 

All patients underwent a conventional MRI study that included multi

planar ECG-tnggered black-blood HASTE (Half-Fourier single shot turbo spin-

echo) MR imaging followed by a bolus timing scan [4], conventional breath-hold 

Gd-enhanced 3D MR angiography [4] and, m addition, cardiac-synchronized Gd-

enhanced MR angiography [13] The bolus-timing scan was used to match the 

arrival of the contrast agent in the aorta with the start of the Gd-enhanced 

acquisitions Both unsynchromzed and cardiac-synchronized Gd-enhanced 

angiography were performed during the same imaging session Unsynchromzed 

angiography always preceded cardiac-synchronized angiography HASTE 

images were used as a scout for the Gd-enhanced acquisitions All 

examinations were performed during end-expiration after a brief period of 

hyperventilation for reduced motion of the diaphragm [18] All scans were 

performed on a 1 5T scanner (Vision Siemens Medical Systems, Erlangen 

Germany) The maximum gradient strength was 25 mT/m with a minimum rise 

time of 300 μ3βο Subjects were placed in a supine position A standard four-

channel quadrature body phased array coil [19] was placed over the chest The 

coil consisted of two anterior elements and two posterior elements A 22 gauge 

intravenous catheter was placed in the right antecubital vein of each patient A 

MR compatible power injector (Spectns MR Injector, MedRad, Pittsburgh, PA) 

was used for all saline and gadolinium contrast injections A special optical ECG 

device (Bruker MagLife C, Bruker Medical, France) was used for monitoring the 

patient and cardiac synchronization 

Cardiac-Synchronized Imaging 

Sequence parameters were spoiled gradient-echo, TR/TE=31/0 9 

msec, flip angle=250, bandwidth=976 Hz/pixel, matrix=64x256, a rectangular 

(4/8) 320 mm field-of-view and voxel size=2 5x1 25x2 0 mm The breath-hold 

47 



Chapter 3 

duration was 24 heartbeats. A partial-Fourier acquisition and reconstruction was 

used in the in-plane phase-encoding direction (anterior->posterior). Four to five 

48 mm axial slabs were used with 24 partitions resulting in an effective section 

thickness of 2.0 mm. Zero-filled interpolation was used to reduce the slice 

thickness to 1mm. The maximum number of slabs was dependent on the 

subject's heart rate. In Table 2 the maximum number of slabs possible with 

these sequence parameters per minimum cardiac R-R interval is shown. 

The gating and overlapping strategy for this technique is shown in Figure 

1. During each cardiac cycle, multiple slabs are excited and measurements at 

different slice positions are made during different phases of the cardiac cycle. 

Overlapping transverse slabs were positioned to include the 

ascending/descending aorta, aortic arch and heart. Each slab was positioned to 

redundantly acquire 25 percent of adjacent slabs. This type of acquisition 

resembles the thin slice multiple overlapping thin slab (MOTSA) time-of-flight 

method [20]. Novel spin preparation and phased array coil reconstruction 

algorithms were used (See appendix). 

Gadopentetate dimeglumine (Magnevist: Schering Laboratories, Berlin, 

Germany)) (30 ml) was injected at a rate of 1.8 ml/sec followed by a 10 ml saline 

flush at the same injection rate. 
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Figure 1: Slab positioning, cardiac-synchronization and spin-preparation 

strategies for multi-slab gadolinium-enhanced cardiac-synchronized MR 

angiography: A schematic is shown for one of twenty-four heartbeats. The figure 

is to scale for a heart rate of 85 bpm where the acquisition of 4 slabs is possible. 

The four slabs are positioned to include the ascending/descending aorta, the 

aortic arch and the heart. Each slab is positioned redundantly to acquire 25 

percent of an adjacent slab. During each cardiac cycle four slabs are excited 

and measurements at different slab positions are done, each at a different phase 

of the cardiac cycle. A spin-equilibrium is individually established every 

heartbeat for each slab. 
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The cardiac-synchronized images were not reconstructed with the 

scanner software. K-space data was saved to a disk drive and transferred to 

another computer workstation (SUN Microsystems, Palo Alto, CA). A series of 

computer programs, written in c, was used to perform the initial partial-Fourier 

reconstruction of each element coil image, scale pixel values, and to remove and 

reorder image sections. Matlab (The MathWorks, Inc., Natick, MA) was used to 

combine the images from element coils using the phased array reconstruction 

algorithm. Six points on images spaced 50 mm were selected to define the size 

of the patient's body. This allowed the specification of size and position of the 

overlapping coil sensitivity Region II (Appendix; Figure 7). After reconstruction, 

images were transferred back to the MRI machine and an IBM compatible PC for 

viewing. 

Table 2: The maximum number of slabs that can be imaged during a certain R-

R interval using the multi-slab cardiac-synchronized gadolinium-enhanced MRA 

technique 

Number of slabs 
1 
2 

3 
4 

5 
6 

Mi inimum R-R interval (msec) 

175 
350 

525 
700 
875 
1050 

Unsynchronized imaging 

The protocol was taken from the literature (Earls et al [4], Krinsky et al 

[8]): Spoiled gradient-echo sequence; TR/TE=4.0/1.6 msec; flip angle=30o; 

bandwidth=488 Hz/pixel; matrix=115x256; a rectangular (7/8) 320 mm field-of-
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view and voxel size=2 4x1 2x2 0 mm A 12 8 cm thick oblique sagittal slab was 

used with 64 partitions resulting in an effective section thickness of 2 0 mm The 

breath-hold duration was 23 seconds 

Gadopentetate dimeglumme (Magnevist Schering Laboratories, Berlin, 

Germany)) (15 ml) was injected at a rate of 2 0 ml/sec followed by a 10 ml saline 

flush at the same injection rate 

Evaluation 

Two radiologists, both experienced in cardiovascular imaging, 

retrospectively evaluated the images For the evaluation the images were 

displayed digitally as three-dimensional volumes, with reconstructions 

simultaneously available in three orthogonal orientations The synchronized 

scan was always evaluated before the unsynchromzed scan Disease depiction 

for each aneurysm and dissection was scored using the following scale 

0=excellent, 1=good, 2=fair, 3=poor Proximal coronary artery depiction for the 

left mam (LM), left anterior descending (LAD), left circumflex (LCx) and right 

(RCA) coronary arteries was scored using the following scale 0 = excellent, 

1=good, 2=fair, 3=poor, 4=not visualized Aortic valve depiction was scored 

using the same scale 0=excellent, 1=good, 2=fair, 3=poor, 4=not visualized 

Extra-aortic enhancement was scored using the following scale 0 = none, 

1=mild, 2=moderate (similar to aorta), 3=greater enhancement than aorta 

Motion artifacts at the aortic root were scored using the following scale 0=none, 

1=mild, 2=moderate, 3=severe 

Quantitative Image Evaluation and Statistical Analysis 

Signal-to-noise (SNR) ratios were measured for each acquisition in the 

ascending aorta and 10-20 mm above the aortic valve Signal-to-noise ratios 

were compared using commercially available software (Excel, Microsoft, 
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Redmond, WA, a paired Student's t-test). Scores of image quality were 

compared for the two techniques using the same test. A threshold value of ρ 

less than 0.05 was used to assign statistical significance for all tests. 

Results 

Both readers found, using solely the cardiac-synchronized angiograms, 

eight aortic aneurysms and seven aortic dissections. There were six aneurysms 

involving the ascending aorta and two aneurysms involving the descending aorta. 

The dissections were classified as type I (n=3), type II (n=2) and type III (n=2). 

There was one false aneurysm of the ascending aorta. All findings were 

confirmed on unsynchronized imaging and no additional disease was found. 

Representative images are given in Figures 2-5. 

The result of the readers' qualitative analysis is displayed in Table 3. 

The synchronized images showed significantly better aneurysm depiction, but 

equal dissection depiction. Synchronized imaging was significantly better in 

terms of aortic valve leaflet depiction and proximal coronary artery depiction. On 

synchronized imaging 35/39 proximal coronary arteries were shown, where as on 

unsynchronized imaging 12/39 proximal coronary arteries were shown. 

Significantly less motion artifacts were seen with synchronized imaging at the 

aortic root. Extra-aortic enhancement was not significantly different between the 

two methods. SNR in the aorta was significantly better for the unsynchronized 

scans 45.9±25.1 versus 19.9±7.3 for the cardiac-synchronized scans (p = 0.003). 
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Figure 2: Twelve consecutive axial local maximum intensity projection cardiac-

synchronized gadolinium-enhanced MR angiography images (TR/TE=3.1/0.9) of 

the heart in a 42-year-old man with Marfan syndrome who had a Bentall 

operation nine years previously. The difference in the caliber of the ascending (5 

cm) and descending aorta (3 cm) is clearly demonstrated. A magnetic 

susceptibility artifact is seen at the aortic root, which is caused by the artificial 

valve. The origins and proximal segments of both the left and right coronary 

artery systems are clearly shown. AscAo = ascending aorta; DescAo = 

descending aorta; RCA = right coronary artery; LM = left main coronary artery; 

LCx = left circumflex coronary artery; LAD = left anterior descending coronary 

artery; AV = artificial aortic valve. 
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Figure 3: 25 year-old patient who had a Bentall procedure for type II aortic 

dissection 15 months earlier. The MRI scan was part of his postoperative 

checkup. Twelve consecutive axial local maximum intensity projection cardiac-

synchronized gadolinium-enhanced MR angiography images (TR/TE=3.1/0.9) 

show a false aneurysm (white unfilled arrow) with thrombus (white filled arrow) 

around the aorta. In addition, the relationship of the origins of the coronary 

arteries to the false aneurysm and thrombus are also shown. In surgery, the 

proximal aortic suture at the right coronary artery was found to be leaking. Loss 

of aortic signal in is due to a prosthetic aortic valve. 
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Figure 4 
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Figure 4: 49 year-old woman with a 6.2 cm aneurysm of the ascending aorta 

(filled white arrow), type II dissection of the ascending aorta (black arrow), type III 

dissection of the descending aorta (unfilled white arrow). 

(a-d) Cardiac-synchronized images (TR/TE= 3.1/0.9) clearly show the disease 

and its relation to the proximal coronary arteries (curved arrows), (a-c: axial; d: 

coronal) 

(e-f) Unsynchronized images (TR/TE=4/1.6) also show the disease, but are 

blurry in terms of dissection and coronary artery depiction when compared to the 

synchronized images. 
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Figure 5: Aortic valve leaflet depiction: 

Top row (a,b): axial and coronal cardiac-synchronized images (TR/TE=3.1/0.9). 

Black arrow points to the aortic valve leaflets. 

Bottom row (c,d): axial and coronal unsynchronized images (TR/TE=4.0/1.6) at 

the same anatomical positions. The leaflets of the aortic valve are not visualized. 

All images were acquired in the same patient. 
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Table 3: Subjective image quality ratings for cardiac-synchronized and unsynchromzed 

breath-hold 3D gadolinium-enhanced imaging 

Aneurysm 
depiction 
(n=8) Reader 1 

Reader 2 
Dissection 
depiction 
(n=7) Reader 1 

Reader 2 
Aortic leaflets 

Reader 1 
Reader 2 

LM Reader 1 
Reader 2 

LAD Reader 1 
Reader 2 

LCx Reader 1 
Reader 2 

RCA Reader 1 
Reader 2 

Motion Reader 1 
Reader 2 

Extra-aortic 
enhancement Reader 1 

Reader 2 

Synchronized3 

0.37±0.27(0-1) 
0.75 ±0.21(0-1) 

0 00±0 00 (0) 
0 17±17(0-1) 

1.92±1.91 (0-4) 
1.69±2.23(0-4) 
0.84*0.64(0-2) 
0.92±0.57(0-2) 
1.84±1.64(0-4) 
1.31 ±0.56(0-3) 
2.61 ±1.25(1-4) 
1.53±1.10(0-4) 
1.23±2.36(0-4) 
1.53±2.27(0-4) 
0.23±0.19(0-1) 
0.92±0.07(0-1) 

1 54±0 27(1-2) 
1 61 ±0 26(1-2) 

Unsynchromzed3 

1 00±0 86 (0-2) 
1 13±0 69(0-2) 

0 83±1 36 (0-3) 
0 67±0 670(0-2) 

3 38±1 09(1-4) 
3 07±0 74(2-4) 
3 15±1 30(0-4) 
3 31 ±0 56(2-4) 
3 77±0 69(1-4) 
3 61 ±0 59(2-4) 
3 77±0 69(1-4) 
3 76±0 35(2-4) 
3 38±1 76(0-4) 
3 23±0 69(2-4) 
1 77±1 19(0-3) 
1 38±0 76(0-3) 

1 15±0 64(0-2) 
1 38±0 42(0-2) 

Ρ 
value" 

0.047 
0.039 

0 071 
0 101 

0.003 
0.002 

<0.001 
<0.001 
<0.001 
<0.001 
0.001 

<0.001 
<0.001 
<0.001 
<0.001 
0.041 

0 104 
0 168 

'Mean ± standard deviation (minimum-maximum) 

"p value < 0 05 was considered statistically significant and is represented by the bold 

face type 

All subjective criteria were graded on a scale from 0-3 with the exception of aortic valve 

leaflet and proximal coronary artery quality, where 4=not visualized was an option 0 

represents optimal performance (excellent anatomical or pathological depiction, no 

motion artifacts and no venous enhancement) 3 represents poor performance (poor 

anatomical or pathological depiction, severe motion artifacts and intense venous 

enhancement) 
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Discussion 

The motivation to pursue cardiac-synchronized MR angiography is the 

elimination or reduction of artifacts resulting from the beating heart This study 

demonstrates that cardiac-synchronized imaging provides an improvement in 

image quality allowing for a significantly better depiction of aneurysms, aortic 

valve leaflets and the proximal coronary arteries Synchronization strongly 

reduces motion artifacts that are apparent with unsynchromzed Gd-enhanced 

MRA 

Free-breathing Gd-enhanced MRA has been shown to be sensitive (92-

96%) and specific (100%) for the detection of acute and chronic aortic dissection 

[7] Breath-hold MRA was subsequently shown to be superior to non-breath-hold 

Gd-enhanced MRA [8] The cardiac-synchronized technique should be 

especially useful for the accurate diagnosis of disease of the aortic root as the 

images are less degraded from the motion of the beating heart 

For preoperative planning of surgical procedures of the ascending aorta 

and aortic root, both the accurate diagnosis of the condition itself as well as the 

determination of the involvement of the coronanes in the disease are required 

Although conventional angiography remains the gold standard for evaluating the 

patency and involvement of the coronary arteries, in some cases it may 

technically not be possible to visualize the coronanes with conventional 

angiography [21] In aneurysms the aortic root can be dilated to such an extent 

that engagement of the coronary ostia may not be possible Furthermore, the 

altered positions of the coronanes, caused by the aneurysmatic expansion of the 

aortic root, makes it difficult to find the exact location of the coronary ostia and 

thus to obtain a coronary angiogram Though the incidence of complications 

associated with conventional angiography has decreased somewhat with the 

widespread use of digital subtraction technology and a smaller catheter size, 

complications, such as coronary artery dissection, local hemorrhage or 

embolism may have a fatal outcome The lodmated contrast agents used for 
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conventional angiography are nephrotoxic and contraindicated for use in 

patients with kidney failure. 

The multi-slab cardiac-synchronized gadolinium-enhanced MRA 

technique allows large volume coverage enabling the visualization of the entire 

thoracic aorta. Due to the reduction of motion artifacts, this technique has also 

proven to be useful for imaging of the proximal coronary arteries in conjunction 

with the aortic root. Thus, these synchronized techniques show both the location 

and extent of aortic disease, as well as its relation to the origins of the coronary 

arteries. This technique might therefore be an excellent tool for the preoperative 

evaluation of diseases of the aorta. 

Though the patency of the coronary arteries was not evaluated in this 

study, other studies have already indicated a potential use of these techniques 

for evaluating coronary artery patency [11,12]. Kessler et al. [11] reported that 

using a single-slab cardiac-synchronized gadolinium-enhanced technique, three 

of five significant coronary stenoses could be correctly identified. Thus, the 

cardiac-synchronized gadolinium-enhanced technique might in the future also 

have the ability to determine coronary artery patency and thus reduce the use of 

x-ray catheter angiography in the preoperative work-up of patients undergoing 

aortic replacement. 

Aortic valve disease has to be thoroughly investigated, prior to, and 

treated in conjunction with, surgery of the ascending aorta. This is due to the 

complications of re-operation of residual valvular disease in this group of 

patients. Careful investigation prior to surgery reduces the rate of re-operation in 

these patients and thus lessens the attendant higher mortality rate. Therefore, 

valves with significant stenosis or regurgitation have to be replaced with 

prosthetic valves. There are several methods for the evaluation of the aortic 

valve. Auscultation can be done to assure that there are no murmurs, however, 

this is not useful for low-grade aortic insufficiency. The aortic valve can be 

evaluated at the time of cardiac catheterization by obtaining pull-back pressures 
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across the valve and injecting contrast medium above the aortic valve to judge 

the degree of aortic valve regurgitation, though this is quite an invasive method. 

Cardiac-synchronized MR imaging might provide a way to study valvular disease 

in a non-invasive manner. 

Long scan times have always been a disadvantage of MRI in the 

evaluation of unstable and difficult patients. Though the act of getting the patient 

into the scanner has not changed, the time in the scanner has been significantly 

reduced. This is mainly due to the replacement of spin-echo sequences with 

turbo-spin-echo and HASTE sequences and the replacement of 2D breath-hold 

and 3D averaged MRA techniques with 3D gadolinium-enhanced breath-hold 

MRA techniques. Currently coverage of a large area is possible in a single 

breath-hold. Thus, a routine thoracic MRA protocol may consist of only 7 breath-

holds, (scout, anatomical HASTE, bolus timing, 3D unsynchronized pre/post 

contrast, cardiac-synchronized pre/post contrast). 

The fact that cardiac-synchronized Gd-enhanced angiography only 

requires a single breath-hold to evaluate the thoracic vasculature gives it a 

distinct advantage over other methods such as 2D-segmented MR angiography 

[22] and 3D free-breathing acquisitions [23], which require patient cooperation for 

at least 30 minutes. Through the use of Gd contrast, the depiction of vessels is 

no longer dependant on background tissue suppression, blood inflow and 

motion. The contrast agent allows the use of efficient sequences and imaging 

over a relatively larger area (compared to breath-hold two-dimensional imaging) 

in a single breath-hold. Gadolinium aids in the reliability and hence the accuracy 

of the technique. 

This study shows a significant advancement in terms of spatial coverage. 

Previous studies [11,12,14,24] used a single slab and did not allow investigation 

of both the ascending/descending thoracic aorta. One study using a 

synchronized technique for the evaluation of the thoracic aorta collected data 

during a 500 msec acquisition window. This is much longer than 120 msec 
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window used in this study and too wide for the reliable visualization of the 

coronary arteries [25]. 

Limitations of the study 

This study is limited by a small sample size; thus diagnostic accuracy 

was not evaluated. Cardiac-synchronized MR angiography may not always 

provide sufficient coverage for disease of the abdominal aorta or arch vessels. 

The use of gradient hardware or improved reconstruction methods may 

overcome spatial coverage limitations. 

To obtain clear pictures of the aortic root, the acquisition must be gated 

with the use of the patient's electrocardiogram. Patients with an arrhythmia, 

such as atrial fibrillation, would have been excluded. The techniques used in this 

paper required patients to suspend respiration for up to 23 seconds. Image 

quality will be severely degraded if this is not possible. In this series, all 13 

patients, many with serious disease, were able to hold their breath for 23 

seconds. 

An effort was made to make a fair comparison between a previously 

published and currently commercially available unsynchronized protocol and the 

newer synchronized technique. One cannot say that the variations in protocols 

other than cardiac-synchronization account for the improvements in image 

quality. Protocols differed by anatomical orientations, a shorter repetition and 

echo time, reconstruction algorithms and contrast agent doses. These 

differences held breath-hold duration equivalent for the two techniques. 

Two different doses of gadolinium contrast (15 ml for unsynchronized 

imaging and 30 ml for cardiac-synchronized imaging) were used in this study. 

The larger dose was used to overcome the loss in signal-to-noise resulting from 

a shorter repetition time, rectangular field-of-view, partial-Fourier reconstruction, 

and thinner 3D slab. After using twice the volume of contrast agent, SNR for 

synchronized imaging was significantly less. 

62 



Cardiac-synchronized Gd-enhanced Breath-hold MRA of the Thoracic Aorta 

Investigation of prosthetic valves with MRI is difficult due to the local field 

distortions. However, the Gd-enhanced techniques are not as susceptible to the 

prosthetic valve as other non-contrast MRA techniques. Also, as image 

distortions remain local to the aortic root, the use of these techniques for the 

evaluation of the rest of the thoracic aorta is not precluded. The investigation of 

the prosthetic valve, local bleeding/leakage and small dissections at the aortic 

root is difficult or impossible. 

Summary 

Compared to unsynchronized imaging, synchronized imaging provides a 

better visualization of the proximal coronary arteries and the aortic valves. With 

the cardiac-synchronized technique, the visualization of the aortic root is less 

affected by motion artifacts and is shown more clearly. The depiction of 

aneurysms is enhanced on the cardiac synchronized images, where as the 

visualization of aortic dissections is equal for both techniques. In our preliminary 

study, we found that when volume coverage is sufficient, synchronized imaging is 

equal or superior to unsynchronized imaging for the evaluation of the thoracic 

aorta. 

The improvements will not only lead to a more confident diagnosis but 

may eventually aid in surgical planning. Further studies confirming these results 

in a larger study population are warranted. Further advances in MR hardware, 

pulse sequences and reconstruction algorithms will provide exciting additional 

improvements for breath-hold Gd-enhanced thoracic MRA. 
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Appendix 

Steady-state preparation 

Preparatory RF pulses were used to achieve a steady-state signal 

before the acquisition of each slab, as shown pictorially in Figure 6. These 

pulses ensure a "spin equilibrium" or "steady state". Optimization of FLASH type 

sequences is well known. A prior implementation used 16 selective RF pulses 

before each acquisition with the same flip angle as the encoding RF pulses (25 

degrees)[13]. This ensured that after the 16th RF pulse, the signal (Mxy) for 

Gd-enhanced blood (T1=30 msec) had reached a steady-state (Figure 6a). 

Acquisition of data prior to equilibrium will result in amplification of the k-space 

data. This amplification reduces resolution and may cause substantial artifacts. 

Consequently, ringing artifacts from chest fat were noted in the original 

implementation. This ringing was due to the fact that fat (T1=300 msec) had not 

achieved a steady-state after 16 preparatory pulses (Figure 6b). The ringing 

artifact can be additionally exacerbated by the partial-Fourier reconstruction. An 

increase in the flip angle of the first preparatory RF pulse to (70-90 degrees) 

ensures that Gd-enhanced blood and fat have achieved a steady-state before 

data acquisition (Figures 6c and 6d). This preparation was used for all cardiac-

synchronized acquisitions. 
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Figure 6: Novel steady-state preparation for cardiac-synchronized imaging 

(TR/TE=3.1/0.9). 

a,b) Old steady-state preparation: Transverse magnetization (Mxy) for gadolinium-

enhanced blood and fat is shown for the sixteen dummy 25° RF pulses before the start 

of data acquisition (arrow). The signal for gadolinium-enhanced blood has reached 

equilibrium, but the fat signal (due to its longer T1 ) does not reach equilibrium until after 

40 pulses. 

c,d) New steady-state preparation: Gadolinium-enhanced blood and fat transverse 

magnetization using a 70° RF pulse before a train of fifteen dummy 25° pulses. 

Gadolinium-enhanced blood reaches the same equilibrium transverse magnetization 

signal (~0.2) and fat undergoes a much smaller change in its Mxy during data 

acquisition. The magnetization after the first RF pulse in c and d is greater than 0.35 

and is not shown in the figure. 
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Phased Array Coil Reconstruction Algorithm: 

A phased array coil reconstruction algorithm was applied that allows the 

use of signal from both the posterior and anterior radio frequency element coils 

without aliasing or foldover. Previous implementations [12,13] used only the 

anterior elements due to aliasing. The new reconstruction algorithm used in this 

study is pictohally displayed in Figure 7. The standard four-element body-

phased array coil has an approximate sensitivity depth of 160 mm. The average 

size of an adult's thorax is approximately 200-350 mm. 

The steps of the image reconstruction method are: 

1 Separate magnitude reconstruction of an image from each element coil 

as is usually done [19](Figure 7a and 7b) 

2 Define three regions in an image (Figure 7c) 

Region I - sensitivity from only anterior coils 

Region II - sensitivity from both the anterior and posterior coils 

Region III - sensitivity from only posterior coils 

3 Final piecewise image reconstruction 

Regions I and III are taken directly from the magnitude reconstructions 

of the anterior and posterior coils, respectively. Information about region 

II is contained in both coil images (Figure 7a and 7b). The pixel values 

in region II were combined using a sum-of-squares reconstruction [19]. 

This final reconstruction eliminates foldover in the conventional sum-of-

squares reconstruction (Figure 7d). 
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a 

>T ι 

Figure 7: Phased array coil reconstruction: The reconstruction algorithm allows 

an increase in imaging field-of-view (160->270 mm) without an increase in 

imaging time. 

a) image obtained from the anterior coils. 

b) image obtained from the posterior coils. 

c) final image where Region I is taken from anterior coils only, Region II is a 

sum-of-squares combination of the pixels from both the anterior and posterior 

coils and Region III is taken from the posterior coils only. 

d) conventional sum-of-squares reconstruction using both the posterior and 

anterior coils results in severe aliasing. 
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Introduction 

Gadolinium enhanced MR angiography [1] is becoming an increasingly 

popular angiographic modality. Vessels are visualized following a bolus injection 

of a gadolinium contrast agent. Gadolinium-enhanced perfusion imaging is also 

clinically used as a measure of regional blood flow on a number of organs such 

as the head, breast, heart [2], kidney and lung [3]. Gadolinium-enhancement is 

used as a measure of function or in tumors and as an indication of malignancy. 

Angiography and perfusion provide complementary information for diagnosis. 

Angiography yields visualization of the pathological disease (e.g. renal artery 

stenosis, pulmonary embolism). Perfusion scans demonstrate the hemodynamic 

effects of the vascular abnormalities. Therefore, perfusion imaging is thought to 

provide an assessment of the significance of the vascular abnormality. 
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The purpose of this sub-study was to implement and test a new pulse 

sequence that allows the simultaneous acquisition of 2D perfusion and 3D 

angiographic data during a single bolus injection of a gadolinium contrast agent. 

Methods 

Gadolinium-enhanced MR angiography is performed with 3D fast gradient 

echo sequences. Gadolinium-enhanced perfusion imaging with gadolinium 

contrast agent is most commonly performed with T1 weighted 2D fast gradient 

echo sequences or T2* weighted sequences (e.g. echo-planar imaging (EPI)). 

Two-dimensional EPI or ultra-fast gradient-echo techniques allow the 

acquisition of images with sub-second temporal resolution. Due to the short 

repetition times, multiple slices can not be acquired in a sequential fashion 

without increasing the scan time. When more coverage is needed, three-

dimensional encoding is preferred. Three dimensional encoding offers signal-to-

noise advantages and finer resolution in the slice dimension. 

Simultaneous acquisitions of k-space data for several two-dimensional slices 

and a single 3D volume can be accomplished by interleaving the acquisitions, 

(perform part of the 3D acquisition; collect data for a full 2D slice; continue with 

the 3D acquisition, collect data for a full 2D slice....)(Figure 1). Interleaved 2D-

3D imaging utilizes a 2D acquisition for high temporal resolution perfusion 

imaging and a 3D angiographic acquisition for volume coverage. For enhanced 

perfusion imaging coverage, multi-slice perfusion imaging is also possible 

(Figure 2). 

Consider a gradient echo sequence TR=3.5 msec, number of phase 

encoding lines=Nky=128, number of 3D partitions=40. If one collects information 

for four 3D partitions and then acquires a single 2D slice the acquisition time 

would be 4NkyTR + NkyTR = 2.2 sec. If this is repeated for all forty partitions, 

the acquisition time for the perfusion and angiographic information would be 

40NkyTR + 10NkyTR=22.4 sec. At the end of 22.4 second we have a 3D 

angiogram and 10 perfusion images with a temporal resolution of 2.2 seconds. 
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Collecting less phase-encoding lines and shortening the repetition time of the 2D 

perfusion scans can yield an additional timesavmg This would lower the 

acquisition time by reducing the resolution of the perfusion scans In table 1, 

several variations are explored and the temporal resolution for perfusion and 

angiographic imaging is given Perfusion imaging can also be initiated before the 

angiographic acquisition (during breath-holding instructions) such that no 

perfusion information is omitted 

All experiments were performed using a 1 5 Τ Siemens Vision imager with echo-

planar high performance gradients Healthy volunteers were imaged in all cases 

Simultaneous pulmonary perfusion and pulmonary angiography were performed 

with three spatial perfusion slices Simultaneous renal perfusion and 

angiography were performed using a single slice for renal perfusion 

Simultaneous cardiac perfusion and coronary angiography were performed using 

a single short-axis perfusion spatial slice Cardiac gating was used reduce 

motion artifacts and provide consistent imaging of the same anatomic area for 

perfusion imaging (Figure 3) In all cases, 40 ml of the Gd-DTPA contrast agent 

(Magnevist, Berlex) were injected at 1 6 ml/sec 
τ ι η 

Figure 1 : Schematic shows the 2D-3D interleaving for a single spatial location 

perfusion slice 
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f = J . O s 

t = 20s 

t = 275s 

Figure 2: Schematic shows the 2D-3D interleaving strategy for three spatial 

perfusion slices. 

Conventional 3D Imaging 

Conventional 2D Imaging 

Interleaved 3D-2D (High 
res pert) Imaging 

Single slice 

Interleaved 3D-2D (High 
res pert) Imaging 

Multi-slice 

Interleaved 3D-2D (Low 
res pert) Imaging 

Interleaved 3D-2D (High 
res pert) Imaging 

Multi-slice 

Temporal 
Resolution 
Perfusion 

• 

TR N«, K. 

5TRN k ï 

7TRN k , 

4.5 TR Nky 

5.5 TR Nky 

Temporal 
Resolution 

Angiography 

TR N. K,. 

• 

TR N, Nky + 

N/4 TR Ν,, 

TR N, Nk> + 

3N/4 TR Nky 

TRN, Nky + 

Ν72 TR Nk„ 

TRN.N,,* 

1 5 N/4 TR Nk/ 

Number of 
Perfusion 

slices 

• 

N«, 

1 

3 

1 

3 

Number of 3D 
Angiographic 

Partitions 

N, 

• 

N! 

Nz 

N i 

N, 

Table 1 : Temporal resolution (sec) of perfusion and angiographic imaging for 

several variations of 2D-3D interleaved imaging 

TR= repetition time; Nky = number of in-plane phase encoding steps; N2D = 

number of two-dimensional perfusion slices; 
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Figure 3: Diagram showing the interleaving strategy for simultaneous ECG 

gated Gadolinium-enhanced multi-slab angiography and 2D perfusion imaging 
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Results 

Simultaneous perfusion and angiography were performed without 

complications in the lung (Figure 4), kidney (Figure 5) and heart (Figure 6). 

Figure 4: A) Maximum intensity projection of the 3D pulmonary angiography 

B,C,D) Three acquired perfusion spatial slices at four time points. 

3D Angiography: (TR/TE/FA= 3.3/1.7/25; MA = 128x256; Temporal 

resolution=22 seconds) 

2D Perfusion: (TR/TE/FA= 2.9/1.7/20; 3 slices; MA= 64x128; Temporal 

resolution=2.2 seconds) 
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Figure 5a 

A) Maximum intensity projection of the 3D renal angiographic 

Figure 5b 

B) One acquired renal perfusion spatial slice at nine time points. 
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FlgureSa 

Simultaneous gadolinium-enhanced coronary angiography and perfusion 

imaging 

a) Maximum intensity projection of the 3D cardiac angiographic data showing 

the left anterior descending coronary artery 

# 0 

0 Φ 

# 

*er*y 

• » Φ 

Figure 6b 

b) One acquired perfusion spatial slice at nine time points. 
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Figure 6c 

c) ROI analysis of the 2D perfusion images showing the signal intensity in the 

left ventricle (LV). 
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Figure 6d 

d) ROI analysis of the 2D cardiac perfusion images showing the signal intensity 

during bolus injection in three regions of the myocardium. 
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Discussion 

Combined perfusion and angiography provides additional information with an 

acceptable increase in acquisition time. No image artifacts were attributed to the 

technique. The combined information may be useful in detecting as well as 

characterizing vascular abnormalities. 
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Abstract 

Implementation of and preliminary experience with an ultra-fast partial-Fourier 

RF-spoiled gradient-echo sequence for gadolinium-enhanced imaging is 

presented. Three-dimensional angiograms can be acquired in less than six 

seconds. Repetition of the acquisition allows the three-dimensional visualization 

of several distinct vascular phases. Feasibility is demonstrated in three healthy 

volunteers. The trade-offs between spatial resolution, temporal resolution and 

spatial coverage as well as the technical aspects of gadolinium-enhanced pulse 

sequences are discussed. 
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Introduction: 
At many institutions, gadolinium-enhanced breath-hold three-dimensional 

magnetic resonance angiography of the major vessels of the body [1-4] has 

recently become a part of routine clinical protocols. The idea is to image a large 

volume during the passage of a T1 shortening contrast agent. T1 weighted 

pulse sequences are used and the observed blood signal increases during the 

passage of the contrast agent through the vascular space. A three-dimensional 

acquisition allows retrospective viewing of angiographic projections at any angle 

and reformation of the images in any desired anatomical orientation. These 

sequences are typically used for angiographic purposes and it is important to 

separate arterial and venous contributions. The depiction of arterial and delayed 

phases is very sensitive to the acquisition timing when using the current 

implementation of acquiring only one data set after the contrast agent injection 

[5,6]. 

The first application of "Dynamic gadolinium-enhanced three-dimensional 

abdominal arteriography" used an infusion and acquisition time greater than 5 

minutes [1]. The subsequent use of a breath-hold acquisition for the removal of 

respiratory artifacts necessitated an acquisition time less than 30 seconds [3]. 

Characterization of the passage of the contrast bolus through different vascular 

phases requires an even finer temporal resolution [7]. 

In this study, the novel implementation of an ultra-fast three-dimensional 

partial-Fourier imaging technique [8] is discussed. During consecutive breath-

holds, multiple three-dimensional stacks of images are acquired throughout the 

passage of the contrast agent through the body such that pre-contrast, arterial, 

venous and organ perfusion phases can be clearly visualized. 
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Methods: 

Three approaches were used to optimize the gadolinium-enhanced imaging 

acquisition: 

1. Echo-planar capable gradient hardware 

2. A partial-Fourier acquisition and reconstruction 

3. Targeted coverage using a reduced field-of-view in multiple dimensions 

This was done to minimize the time needed to acquire a three-dimensional 

stack of images. An approximate acquisition time of 5 seconds allowed the 

collection of 4-5 stacks of images in a single comfortable breath-hold of 20-25 

seconds. 

Imaging was performed on a 1.5T Magnetom VISION system (Siemens 

Medical Systems; Erlangen, Germany) with 25 mT/m maximum gradient 

amplitude and 200 μββο rise time to maximum gradient amplitude on each axis. 

The three-dimensional RF spoiled gradient-echo sequence (TR/TE/FA = 

2.75;0.9;20) is illustrated in Figure 1. Pertinent sequence parameters are given 

in Table 1. 

A partial-Fourier acquisition and reconstruction is an efficient means of 

reducing acquisition time without sacrificing resolution [9-11]. The partial-Fourier 

reconstruction algorithm used here (POCS) necessitates the collection of data 

symmetrically in each dimension (x,z; see Figure 1) except the partial-Fourier 

dimension (y; see Figure 1) in which the in-plane phase encoding lines are 

collected. Sixty in-plane phase encoding lines were collected and extrapolated to 

96 lines using the Projection onto Convex Sets (POCS) partial-Fourier method 

[12]. Twelve phase encoding lines were collected before the center of k-space. 

In this case, the partial-Fourier acquisition reduced the acquisition time by 38 

percent. Image reconstruction time was increased by a factor of seven when 

three iterations of the POCS algorithm were used. This can be a limiting factor 

when multiple elements of a phased array coil are used. 
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Sampling 

* ADC 

TR=2.75msec 

TE=0.9msec 

Figure 1: Diagram showing the 3D radio-frequency spoiled gradient echo 

sequence (TR/TE/FA=2.75/0.9;20). A 600 μ3βο minimum phase radio-frequency 

pulse is used. The * denotes RF-spoiling. All gradient pulses except the one 

used for slice selection are ramped using a sinusoidal function. A partial-Fourier 

acquisition (Gy) (asymmetric k-space) is used in the in-plane phase-encoding 

dimension. The sequence has been designed such that the collection of data in 

the other dimensions is symmetric. 
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X 

y 

ζ 

Encoding 

Dimension 

MR 

sequence 

Read-out 

In-plane 

phase-

encoding 

Slice-select 

and 3D 

phase 

encoding 

Anatomical 

Orientation 

head->foot 

nght->left 

Anterior -> 

posterior 

FOV 

(mm) 

300 

225 

64 

Resolution 

(mm) 

1 2 

23 

2 0 

Maximum 

Gradient 

Slew rate 

(T/m/s) 

195 

132" 

169" 

Maximum 

Gradient 

Amplitude 

(mT/m) 

24 θ 

16 8 " 

21 6 " 

"Peak values are given since the amplitude of the gradient pulses is varied 

throughout the experiment. 

Table 1: Gadolinium-enhanced sequence parameters for the three-dimensional 

gradient-echo acquisition (2.75/0.9/20). 

Images were obtained in a slightly oblique coronal plane, prescribed to 

include the aorta and renal vasculature. An in-plane rectangular field-of-view 

(6/8) was used in the right-left dimension. This reduced acquisition time further 

by 25 percent. The acquisition volume was 300x225x64mm. Thirty-two 

partitions yields a voxel size (resolution) of 1.2x2.3x2.0mm 
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Three healthy volunteers (ages:26,32,35 years) were imaged supine using 

the standard body phased array coil for signal reception. Informed consent was 

obtained from all subjects. The institution's human investigations committee 

approved the study protocol. A 22-gauge intravenous catheter was placed in the 

right antecubital vein of each volunteer and 40 ml of gadopentetate dimeglumine 

(Magnevist; Berlex Laboratories, Wayne, NJ) were hand injected intravenously at 

a rate of approximately 1.6 ml/sec. A delay between the start of contrast 

injection and start of the first scan was chosen to be 25 seconds; ensuring that 

the initial renal perfusion stages were represented in the first breath-hold. The 

time was chosen based on the author's gadolinium-enhanced MR angiography 

experience with healthy volunteers. Multiple breath-holding intervals of 20 

seconds at end-expiration were used for imaging with 5.3 second intervals for 

free-breathing. Successive breath-holds produced more images. 

The signal intensity as a function of time was measured using a region-of-

interest analysis (ROI). The original three-dimensional data was used for this 

purpose. Measurements were made in the major vessels of the body (aorta, 

renal arteries and vein, etc.) and organs (kidney, liver, spleen etc.). 10-20 pixels 

were included in each ROI measurement. The relative enhancement rates of the 

cortex and medulla were calculated by linear regression of the signal intensity 

curves. The enhancement rates of the renal cortex and medulla were 

standardized for each subject to the right cortex and expressed as a percentage 

of the right cortical enhancement rate. 

r, , r, change in signal i 
EnhancementRate __ ι = = 

change in signal of the right cortex 
where i = {left cortex, right medulla, left medulla, right calyx, left calyx} 

This yielded a quantitative value relating the change in signal intensity relative to 

the individuals right cortex. Based on this ROI analysis, the images were labeled 

with one of four distinct vascular phases. 

86 



Dynamic Magnetic Resonance Abdominal Angiography and Perfusion 

Results: 

Imaging was successfully performed in all volunteers with no adverse events. 

Six maximum intensity projection (MIR) reconstructions from a representative 

subject are shown in Figure 2. The acquisition of the three-dimensional data In 

each section of the figure was acquired in consecutive 5.3 second acquisitions. 

Figure 2: Maximum intensity projection reconstruction from six of nine three-

dimensional volumes acquired with a temporal resolution of 5.3 sec. Imaging 

parameters: See Table 1. Several phases of passage of the contrast agent 

through the vasculature can be identified. 

Four distinct phases characterized by the enhancement resulting from the 

injected contrast agent could be identified in each subject: 
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1) Early Arterial (Figure 2a): Initial enhancement of the aorta, splenic artery, renal 

arteries and their branches, iliac arteries, vertebral arteries, superior mesenteric 

artery is seen. Note the accessory right renal artery to the lower pole (black 

arrow). There is the onset of renal parenchymal and splenic enhancement. 

2) Early venous (Figure 2b): In addition to the vessels seen in the early arterial 

phase, one can identify the renal and splenic veins. Renal parenchymal 

enhancement obscures the visualization of the branches of the renal arteries. 

3) Early hepatic enhancement (Figure 2c): The portal vein and its branches can 

be seen. Hepatic enhancement is evident. There is intense renal parenchymal 

enhancement. 

4) Visualization of the hepatic vein (Figure 2e): The hepatic vein is first 

visualized. Arterial and venous signals are reduced. Leakage of the contrast 

agent into the extravascular space results in intense enhancement of the spleen, 

kidneys, and liver. 
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Figure 3: a) Renal vasculature signal intensities after injection of 40 ml of 

gadopentetate dimeglumine at 1.6 ml/sec measured using a three-dimensional 

acquisition with a temporal resolution of 5.3 seconds. Region-of-interest 

measurements were made in the aorta, renal arteries and veins. Maximal renal 

arterial and venous enhancements are achieved after 25 and 40 seconds, 

respectively. 

Aorta 
-• Right renal artery 
-o Left renal artery 
-• Right renal vein 
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250 650 45 0 65 0 
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Figure 3: b) Signal intensities in the aorta, major veins, spleen and liver after 

injection of 40 ml of gadopentetate dimeglumine at 1.6 ml/sec measured using a 
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three-dimensional acquisition with a temporal resolution of 5.3 seconds. Peak 

venous enhancement in this case occurs approximately 35 seconds after 

injection in the major veins except for the hepatic vein, which occurs after 60 

seconds. 

• • Right cortex 
β o Left cortex 
» « Right medulla 
» o Left medulla 
•- - -• Right calyx 
a- - -o Left calyx 

25 0 45 0 65 0 85 0 
time after injection {sec) 

Figure 3: c) Renal Perfusion: Signal intensities renal cortex, medulla and calyx 

after injection of 40 ml of gadopentetate dimeglumine at 1.6 ml/sec measured 

using a three-dimensional acquisition with a temporal resolution of 5.3 seconds. 

The slopes of these curves are indicative of renal perfusion and are given for all 

subjects in Table 1. 
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Figure 3: d) (i-v) Five images showing the enhancement in a single slice of the 

lungs, spleen, kidney and liver.(vi) Example placement of region-of-interests for 

measurements in the renal cortex, medulla and calyx (Figure 3c; Table 2) 

Region-of-interest analysis for the data displayed in Figure 2 (major arteries, 

veins and organs of the body) is given in Figures 3a and 3b. In this subject, peak 

arterial and venous enhancement is obtained after 25 and 40 seconds. 

Equilibrium of the vasculature enhancement is achieved after 50 seconds with 

the exception of the hepatic vein, which enhances maximally after 60 seconds. 

In Figure 3d, 5 slices are displayed from different temporal acquisitions showing 

the enhancement of organs in the body. The signal intensities in the renal 

cortex, medulla and calyx for the data displayed are plotted in Figure 3c. 

Relative enhancement rates for all volunteers are shown in Table 2. Maximum 
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deviation (absolute value of the difference between subjects for the left cortex 

was 9% and for the right/left medulla was 6% of left cortical enhancement rate. 

Subject 

1 

2 

3 

Mean (n=3) 

Right Cortex 

100 

100 

100 

Left Cortex 

91 

97 

95 

97 

Right Medulla 

9 

16 

11 

Left Medulla 

12 

10 

15 

12 

Table 2: Relative enhancement rates of the renal cortex and medulla (n=3). The 

medullary enhancement rate is approximately ten percent of the cortical 

enhancement rate. 

Discussion 

Consistent and accurate diagnosis of vascular disease with gadolinium-

enhanced MR angiography is affected by many factors. Patient tolerance, 

sufficient contrast-to-noise and spatial resolution are the common factors which 

are typically needed for a diagnostic study. The scan duration directly affects 

motion artifacts and the separation of arteries and veins. Apart from an accurate 

measurement of vessel narrowing, the assessment of significance of a vascular 

lesion can also be valuable in determining the course of clinical treatment 

[13,14]. 

Currently, gadolinium-enhanced MR angiography is performed with scan 

times ranging from 20-30 seconds. Therefore, segments of k-space data are 

collected during different phases of contrast enhancement (see Figure 2). 

Averaging over these phases gives differential k-space weightings, resulting in 

blurring and ringing artifacts [6]. Sophisticated data acquisition and 

reconstruction algorithms have been proposed to temporally resolve the vascular 
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phases allowing extended data acquisition times [7, 15]. The approach 

described here with an ultra-fast sequence utilizing three techniques to reduce 

acquisition time simplifies the data acquisition and reconstruction procedure by 

acquiring complete three-dimensional volumes in under six seconds. 

With the increasing use of functional and diffusion weighted magnetic 

resonance imaging, echo-planar capable machines have become commonplace 

at many institutions. The high powered gradient amplifiers, resonant circuitry as 

well as the enhanced gradient coils allow high gradient slew rates and 

amplitudes. However, the "overdrive" capabilities of these machines, which allow 

short gradient rise times (200-300 μεβο), have been typically reserved for single-

shot echo-planar imaging (EPI). In this study, we have used the enhanced 

gradient hardware to improve the performance of a conventional gradient-echo 

sequence. Gradients pulses are ramped sinusoidally. This is consistent with the 

capacitive resonant circuitry providing the short gradient rise times. Linear 

ramping is also available, but sinusoidal ramping is advantageous since the k-

space distance, ƒ G(t)dt, is increased by a factor of 4/π. On the other hand, the 

maximum slope or slew rate is also increased by a factor of π/2. In our 

experience with sequences of this type, there has been no physiological 

stimulation as has been reported with single-shot oscillatory gradient waveforms 

[16]. In this study, no perceived physiological stimulation was reported in any 

case. 

Although selective x-ray renal arteriography is considered the "gold standard" 

for diagnosis of renal artery stenosis, the characterization of stenosis is not quite 

established. Phase contrast imaging has been proposed to assess the 

hemodynamic significance of a stenosis [17, 18]. Many investigators consider a 

50% diameter reduction to be significant, yet perfusion pressure in a large artery 

is generally not reduced until the stenosis exceeds 70%. Moreover, the 

reduction in perfusion pressure depends on the length of the stenosis, the 

contour, and the vascular resistance distal to the obstruction. In addition, renal 
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artery stenosis may be caused either by atherosclerosis or fibromuscular 

dysplasia. Especially in the second case, accurate estimate of degree of 

stenosis is difficult. Since the ultimate organ function would depend on its level 

of perfusion and not on the anatomical level of the stenosis in the feeding artery, 

regional blood flow information should be a better and more fundamental way of 

characterizing the renal artery stenosis. 

With a temporal resolution less than six seconds, perfusion information as 

well as angiographic information is contained in the data. To obtain a 

quantitative value that can be compared across subjects, we have normalized 

the signal intensities to the right renal cortex (Table 2). For the three normal 

volunteers in our study, right and left enhancement rates are within a ten percent 

error range. The renal medullary enhancement rate is approximately 10% of the 

renal cortex. This is consistent with the expected differences in regional blood 

flow. 

High concentrations of gadolinium are a concern when imaging the kidney. 

Very high concentrations will result in a signal reduction due to T2* effects. From 

phantom measurements and theoretical predictions, we have seen that the 

signal intensity is close to linear with increasing concentration of gadolinium in 

the ranges expected in the kidney. We have not seen any decrease in signal 

due to T2* effects when the concentration of gadolinium is very high. This is 

thought to be a result of the sub-millisecond echo time. 

With proper bolus timing, gadolinium-enhanced MR angiography provides 

high signal-to-noise and high contrast-to-noise images. Therefore, it is 

increasingly gaining wide-spread acceptance. Reports with very low dose 

experiments have recently shown accurate results [19]. The three methods used 

here to reduce acquisition time concurrently lower signal-to-noise and therefore 

could adversely affect the accuracy of the technique. A combination of these 

factors will result in a marked reduction (-50%) in the image signal-to-noise 

relative to previously published reports [5, 19-23]. However, using the described 
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sequence and contrast agent dose, adequate contrast-to-noise was achieved to 

visualize the major arteries and veins in the abdomen. 

Summary 

We have utilized three techniques (advanced gradient hardware, partial-

Fourier, targeted coverage) to reduce the time needed to acquire a three-

dimensional data in gadolinium-enhanced imaging. The method allows the 

visualization of several vascular phases using a single injection of contrast agent. 

We have considered a combination of MR angiography and perfusion imaging to 

evaluate renal artery stenosis both in a non-invasive and comprehensive fashion. 

Our preliminary results demonstrate the feasibility of obtaining high-resolution 

multi-phase three-dimensional angiographic and perfusion information 

simultaneously. This approach may lead to a robust noninvasive and 

comprehensive technique in the characterization of renal artery stenosis. 
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Abstract 

The goal of this investigation was to develop a technique for producing 

gadolinium-enhanced magnetic resonance images of the hand, which 

demonstrate three-dimensional angiographic anatomy and permit measurement 

of distal soft tissue enhancement. High-resolution magnetic resonance 

angiograms of the hand as well as qualitative perfusion information can be 

produced using a rapid sequential gadolinium-enhanced three-dimensional 

gradient-echo technique. 
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Introduction 

Magnetic resonance angiography (MRA) has come to play an important role 

in the non-invasive assessment of patients with vascular disease. Unlike 

conventional angiography, MRA provides a means of demonstrating vascular 

anatomy that is non-invasive, does not require ionizing radiation and has a 

minimal associated risk of contrast agent reaction and renal failure. In recent 

years, non-enhanced MRA techniques have been supplanted by gadolinium-

enhanced MRA for applications in the body and lower extremities due to the 

advantages of shorter imaging time and decreased motion artifacts [1-6]. 

Gadolinium-enhanced MRA of the peripheral extremities presents several unique 

challenges: 

(i) vessels are of much smaller caliber, necessitating the use of higher resolution 

techniques 

(ii) the length of time between injection and delivery of contrast to the distal 

extremity varies greatly among patients 

(iii) arterial and venous collaterals are more commonly and less predictably 

encountered, vascular anatomy is potentially much more variable, making 

resultant images difficult to interpret 

Although there has been considerable interest in adaptation of gadolinium-

enhanced MRA techniques for the lower extremities, optimization of techniques 

for gadolinium-enhanced MR imaging of the upper extremities has received 

relatively less attention. Early efforts reported the utility of anatomic MR imaging 

for assessment of vascular malformations [7-8]. While anatomic MR imaging 

can be used to confirm the presence and define the extent of a vascular 

malformation, it is less effective in mapping the feeding and draining vessels 

associated with malformations. Moreover, such anatomic imaging has limited 

value in evaluation of vasospastic and ischemic disorders. As a result, 

techniques for direct imaging of vessels of the hand and wrist using 2D time-of-
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flight sequences have been developed [9-13]. While 2D time-of-flight techniques 

have been used effectively in the diagnosis of ischemic disease in the lower 

extremity, the use of these techniques in the hand is complicated by the 

importance of imaging perpendicular to the plane of flow. This limitation requires 

separate acquisitions for the palmar arches and digital arteries. Due to lengthy 

acquisition times, time-of-flight sequences in the hand and wrist are commonly 

degraded by patient motion. 

A preliminary technique for the application of gadolinium-enhanced MR 

angiography to the hand was described by Rofsky [10]. The technique described 

employed three-dimensional gradient-echo imaging and used a double-dose 

infusion of gadolinium during a 2-3.5 minute acquisition of a single 3D volume 

image set. Though this technique can be used successfully to demonstrate 

vessels of the hand, the relatively lengthy acquisition time fails to capitalize on 

the advantages possible using more rapid imaging. 

If available, techniques for rapid, high resolution MR angiographic and 

perfusion imaging of the hand could provide an important tool to aid in pre

operative planning for resection of masses and soft tissue anomalies and in the 

non-invasive assessment of patients with suspected vascular compromise. The 

purpose of this study was to develop a technique for producing high-resolution 

gadolinium-enhanced MR images of the hand. The technique must demonstrate 

three-dimensional angiographic anatomy of the hand and permit measurement 

of distal soft tissue enhancement. 

Materials and Methods 

Two normal volunteers and seven patients with a mean age of 42 years 

(range: 26-63 years) presenting with signs or symptoms of hand pathology 

underwent a conventional hand MR examination followed by gadolinium-enhanced 

MRA. Clinical indications included masses (n=3), digital ischemia (n=2) and 

osteomyelitis (n=2). The study of healthy subjects was approved by the institutional 

review board. Informed consent was obtained after the nature of the procedure 
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had been fully explained from all subjects. In one normal volunteer, a light 

tourniquet was applied briefly to one digit. Imaging was performed using a 1.5 Τ 

magnet fitted with high performance gradients (Siemens Vision, Erlangen, 

Germany, 25 mT/m, 300 μββο rise time). A small flexible circularly polarized coil 

was wrapped in spiral fashion about the hand to achieve optimal longitudinal 

coverage. Subjects were imaged lying supine, with the hand in neutral position 

(preferably palm down) at their side. Small sponges separated fingers and the 

hand was secured using a Velcro binder to minimize motion. 

Dynamic gadolinium-enhanced imaging was performed using a 3D RF-

spoiled gradient-echo sequence: (TR/TE/FA=4.5/1.1/20°), partition thickness 2 mm 

(no interpolation was used in the slice direction), field-of-view 180 χ 375 mm, 

matrix 128 χ 512, bandwidth 520 Hz/pixel, with images acquired in the coronal 

plane of the hand. Each 3D volume was acquired in 16-30 s (dependant on the 

number of 3D sections). Gadolinium contrast (Magnevist, Berlex, Wayne, NJ) was 

administered as a 0.2 mmol/kg IV bolus, via a 22 gauge angiocath catheter placed 

in the antecubital vein of the contralateral arm, at a rate of 1.6 ml/s. One pre-

gadolinium and two to six rapid sequential post-gadolinium 3D image sets, with no 

inter-scan, delay were obtained. Post-gadolinium imaging was initiated 20 seconds 

after the initiation of contrast injection. Subtraction of pre- and post-gadolinium 

images was performed to minimize background signal and to assess for the 

presence of tissue perfusion. Maximum intensity projection (MIP) was performed 

on the original and subtracted volumes. Gray-scale values in the processed 

images were inverted such that the presence of the injected contrast agent was 

visualized as a darkening in the final images. Using both maximum intensity 

projection and source images, caliber and order of arteries demonstrated, 

presence of any stenosis or vascular anomalies and presence of venous "bleed-

through" were evaluated in consensus by two trained radiologists. 

As a measure of soft tissue perfusion, the percent signal enhancement 

in regions-of-interest (ROI) of the digits was calculated as: (Slpost-Slpre)/Slpre χ 
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100; (Slpre = signal intensity in the pre-contrast image, Slpost = signal intensity 

in the after injection of the contrast agent). Signal loss in the distal digits due to 

coil misplacement was evaluated using multiplanar reconstructions of the 3D 

gradient-echo images and conventional spin-echo images to rule out the 

possibility the fingers being outside of the small flexible surface coil. 

Results 

In all nine individuals, arteries ranging in caliber from radial and ulnar to 

proper digital arteries were demonstrated (Fig. 1A). In three cases, somewhat 

smaller vessels were also seen. In all seven clinical cases, findings at 

gadolinium-enhanced MRA were concordant with clinical expectations. In the 

patient with an arterio-venous malformation, gadolinium-enhanced MRA showed 

the characteristic disordered vasculature, with prominent feeding arteries and 

engorged early draining veins (Fig. 2). The smaller feeding arterial branches 

were difficult to delineate due to limits in resolution and venous overlap. 

Examination of multiplanar reformatted images was helpful, albeit not definitive, 

in this regard. In the two patients who presented with signs of ischemia, MRA 

demonstrated vascular occlusion and distal perfusion defects (Fig. 2,3). A similar 

perfusion defect was observed distal to a tourniquet transiently applied to a 

normal volunteer's finger (Fig. 1G). In six of 9 cases, at least one 3D image set 

was produced which showed either no or minimal evidence of venous "bleed-

through". However, venous "bleed-through" was particularly prominent in the 

patient with an arterio-vascular malformations (due to arterio-venous shunting) 

and the patient with distal emboli (likely due to luxury perfusion) (Fig. 2, 3). 

Distinction of arteries from veins was less problematic for the experienced 

angiographer and when multi-planar reformats were used to examine axial 

images. Signal loss resulting from misplacement of the coil on all images (spin-

echo and gradient-echo) was found in one of nine cases. 
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PD 

RadArt 

UlnArt 

Figure 1: 31-year-old healthy male volunteer 

A. Normal vascular anatomy of the hand as shown by MRA. Radial artery 

(RadArt). Ulnar Artery (UlnArt). Superficial palmar arch (SA). Deep palmar 

arch (DA). Common palmar digital arteries (CD). Proper palmar digital 

arteries (PD). The superficial palmar arch is incomplete as was seen in 
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approximately 60% of the cases. In this normal volunteer, a tourniquet was 

briefly applied to the middle finger. 

Β C D E 

Figure 1: MR projection angiogram from three-dimensional volumes acquired B. 

30 (same as A.) C. 50 D. 70 E. 90 seconds after injection of the gadolinium 

contrast agent. In this normal volunteer, a tourniquet was briefly applied to the 

middle finger. Significantly less signal enhancement distal to the tourniquet 

(arrowhead down) can be seen. Note, the loss of signal due to mispositioning of 

the coil in the 5th digit (arrowhead up). Venous contamination is seen in C but 

not in B. 
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Figure 1: Bar graph shows arterial and venous (F) and distal soft tissue (G) 

percent signal increase of the individual digits. The third digit had non-significant 

enhancement resulting from the applied tourniquet. 
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A Β C D 

Figure 2: 23-year-old woman with an arterio-venous malformation of the hand 

MR projection angiogram from three-dimensional volumes (A) 25 seconds (B) 40 

(C) 55 (D) 70 seconds after injection of the gadolinium contrast agent. 

Gadolinium-enhanced MRA revealed a chaotic tangle of vessels, prominent 

arterial feeders and engorged early draining veins (typical for an arterio-venous 

malformation (AVM)). The extent of the abnormality and the larger feeding 

arteries was well depicted. Smaller feeding arterial branches were difficult to 

delineate due to limits in resolution and venous overlap. Examination of 

multiplanar reformatted images was helpful in this regard. Dilated radial artery 

(RadArt) and deep palmar arch (DPA). 
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Figure 2: Bar graph shows arterial and venous (E) and distal soft tissue (F) 

percent signal increase of the individual digits. Venous enhancement and 

enhancement of the AVM itself was always greater than the arterial 

enhancement. Delayed and reduced enhancement of the digits was seen 

compared to the healthy subject (Figure 1 ). 
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Figure 3: 52-year-old woman presenting with pain and discoloration of her distal 

digits 

Decreased digital perfusion 2° multiple small emboli. A. 35 B. 50 C. five minutes 

post-gadolinium image sets. The first post-contrast image set showed 

abrupt cut-off of proper digital vessels in several fingers (arrowheads) and 

perfusion defects of the distal digits. Local lactic acidosis associated with 

ischemia may be the cause of arterial dilatation and early venous filling. 

High tissue levels of soft tissue enhancement (presumably due to luxury 

perfusion) help obscure some digital arteries on the MIP projection image. 

109 



Chapter 6 

Discussion 

High-resolution gadolinium-enhanced MR angiographic images of the hand 

can be routinely produced using rapid three-dimensional gradient-echo 

sequences. Short acquisition times (15-30 seconds) were achieved through the 

use of echo-planar capable gradient hardware. Using these techniques, we were 

able to acquire a 3D image set through the hand in less than 30 seconds. The 

goal of high spatial resolution is demonstration of small distal branches that may 

be involved by ischemic disease or may be relevant to management of disease. 

The goal of rapid imaging is the acquisition of a purely arterial image, while 

minimizing overlap with enhanced veins. Rapid sequential images also provide a 

means of assessing tissue perfusion over time. 

Although the spatial resolution of the MR angiographic images was relatively 

high, it remains lower than image resolution attainable with conventional 

angiography. Use of a local surface coil, allowed optimization of spatial resolution 

with good signal-to-noise ratio properties, yielding images of 1406 χ 732 micron 

per pixel in-plane resolution and 2 mm partition thickness. Resultant images 

demonstrated arteries ranging in caliber from radial and ulnar to proper digital 

arteries. In several cases, somewhat smaller vessels were also seen. In the case 

of the arterio-venous malformation, the extent of the lesion and several of its 

larger feeding vessels were well seen. However, smaller arterial branches 

feeding the arterio-venous malformation were difficult to delineate, in part due to 

limits in spatial resolution. This constitutes a clinically significant limitation of the 

technique, as identification of even small feeding vessels can be important in 

treatment planning. These findings suggest that while MRA may be appropriate 

for certain diagnostic applications, other applications may be limited by 

constraints on spatial resolution. 

Despite the use of rapid sequential post-gadolinium sequences, distinction 

of arteries from veins remains a problem in gadolinium-enhanced MR 

angiography of the upper extremity, due to a lack of sufficient temporal 
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resolution. The difficulty is exacerbated by the complex and potentially variable 

anatomy of the hand, limiting the ability to predict the arterial versus venous 

nature of a vessel based on its location alone. The problem of variable anatomy 

is even greater in the target population of patients with arterial insufficiency 

because of their increased propensity to form collateral bypass vessels. The 

problem of distinguishing arteries and veins is also exacerbated in the presence 

of conditions which promote early venous shunting, as is often the case with 

vascular malformations as well as tumors and inflammatory processes. In these 

patients, it may not be possible to distinguish inflow from draining vessels at the 

current level of temporal resolution. Ideally, improved temporal resolution could 

help to address this problem. In the current instance, imaging times are limited 

not only by the actual time of image acquisition, but also by the time required to 

reconstruct high resolution images. An alternative approach to distinguishing 

arteries from veins would be to obtain time-of-flight images with saturation bands 

at selected levels in the area being imaged, so as to establish the direction of 

flow in the vessels subsequently demonstrated by gadolinium enhancement. In 

any event, evaluation of the patients should include anatomic T1- and 12-

weighted anatomic sequences to assess the presence of flow voids reflecting 

rapid flow and high 12 signal channels reflecting slow flow. 

Subtraction of pre- and post-gadolinium images and ROI analysis 

demonstrating the presence or absence of tissue enhancement provides a 

measure of tissue perfusion. Using this technique, we were able to successfully 

demonstrate absent perfusion to the distal digits in two patients who presented 

with clinical signs of ischemia. Decreased perfusion was also observed in digits 

distal to an arteriovenous malformation. Measurement of perfusion permits 

assessment of vascular integrity in areas where the vessels are too small in 

caliber to be directly imaged. As such, perfusion measurements could be useful 

for confirming the presence of ischemia in patients with clinical symptoms and 

for evaluating patients with suspected "steal syndromes", such as those seen in 
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patients with forearm dialysis grafts. Perfusion imaging could be used to non-

invasively assess response to therapy in patients being treated for thrombosis or 

emboli. 

More experience is required to establish the accuracy of gadolinium-

enhanced MR angiography of the hand, as compared to the gold standard of 

conventional angiography. In the current study, findings at gadolinium-enhanced 

MRA were concordant with overall clinical expectations. However, for various 

clinical reasons, correlation with conventional angiography was not obtained. In 

order to determine the clinical utility of MRA, its accuracy in depicting patent and 

occluded vessels and in demonstrating the location and degree of stenosis must 

be quantified with respect to conventional angiography. Direct correlation with 

conventional angiography is also needed in order to determine whether poor 

timing of the bolus with respect to the center of k-space for a given acquisition 

could lead to artifactual non-visualization of a vessel. Use of a separate timing 

scan [14] could be helpful in this respect. 

Gadolinium-enhanced MR angiographic images of the hand can be 

produced using a rapid sequential 3D RF-spoiled gradient-echo technique. 

Resultant images demonstrate normal and abnormal anatomy and allow for 

measurement of perfusion. Perfusion measurements permit assessment of 

vascular integrity in areas where vessels are too small in caliber to be directly 

imaged. Problems with overlapping venous enhancement (especially in cases 

where arterio-venous shunting is present) and the ability to image small feeder 

vessels remain to be addressed. Further experience is also needed to assess 

the true accuracy and clinical utility of this technique. 
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Summary 

The first goal of the study was the primary implementation, refinement 

and clinical application of cardiac-synchronized (ECG-gated) gadolinium-

enhanced MR angiography in healthy volunteers and patients. These objectives 

were achieved in chapters 1-3. 

In Chapter 1, the feasibility of three-dimensional single breath-hold 

gadolinium-enhanced MRA of the coronary arteries was demonstrated. A three-

dimensional spoiled gradient echo imaging technique was used to image the 

passage of an intravenously injected paramagnetic contrast agent through the 

coronary vasculature in four healthy subjects. Image contrast was solely 

dependent on the injected contrast agent. The three-dimensional acquisition 

allowed retrospective reformation and display with maximum intensity projection 

and rendering algorithms. Consistent visualization of the coronary arteries in a 

reasonable time period has been reported by many investigators, but existing 

methods have not proven adequate for the consistent diagnosis of coronary 

artery stenosis. Early studies promised high sensitivity and specificity values, but 

recent studies have reiterated the initial concerns for the problems of motion 

artifacts, resolution, contrast, and patient toleration. Recently, 3D contrast 

enhanced MRA of the major vessels of the body has been shown to provide 

excellent vascular contrast. The use of contrast media has significantly improved 

the diagnostic quality of MR angiography. It would not be unreasonable to 

assume that the improvements would be the same in the coronary arteries, but 

the technical requirements are more demanding due to respiratory and cardiac 

motion. 

In chapter 2, two separate techniques for gadolinium-enhanced thoracic 

angiography were implemented. In a single breath-hold, a multi-slab acquisition 

allowed ECG-synchronized imaging of the entire heart or a CINE acquisition 

provided multiple stacks of images at different phases in the cardiac cycle over a 

smaller area. Multi-slab and CINE implementations of 3D gadolinium-enhanced 
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ECG-triggered imaging acquire additional data during the unused portions of the 

cardiac cycle, resulting in additional images. Each 3D imaging volume is 

synchronized with the heart cycle and uses k-space data collected during only a 

short period of each heart cycle. Preliminary results acquired in healthy 

volunteers and patients with aortic disease indicate that additional images can be 

acquired without an increase in breath-hold duration or a reduction in image 

quality. The two techniques represent an improvement over the method 

presented in chapter 1. Breath-hold single-slab techniques did not provide 

enough spatial coverage for routine clinical use. The multi-slab technique solves 

this volume coverage problem. Though CINE imaging is closely related to multi-

slab imaging, it may provide a unique tool for clinical and research investigations 

of cardiac function or retrospective selection of morphological images with less 

motion artifacts. 

In chapter 3, the improved multi-slab method was used in a clinical 

setting for the evaluation of thoracic aortic disease. Gadolinium-enhanced three-

dimensional breath-hold magnetic resonance cardiac-synchronized angiography 

was performed in thirteen patients suspected or known to have thoracic aortic 

disease. High-quality angiograms of the ascending/descending thoracic aorta 

and coronary arteries were obtained with this method. MR angiograms were 

compared with gadolinium-enhanced angiograms obtained without cardiac 

synchronization. Synchronized imaging showed significantly better aneurysm, 

aortic valve leaflet and proximal coronary artery depiction. Synchronization 

reduced motion artifacts allowing improved visualization of the aortic root and 

proximal coronary arteries. 

The second goal of the study was the implementation of the 

simultaneous collection of Gd-enhanced perfusion MR images and Gd-enhanced 

MR angiograms. Implementation and testing was achieved in chapters 4-6. 

In chapter 4, simultaneous angiography and perfusion imaging was 

implemented and tested using a novel interleaved two-dimensional and three-
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dimensional gradient-echo sequence. Combined perfusion and angiography 

provides additional information with an acceptable increase in acquisition time. 

No image artifacts were attributed to the technique. The combined information 

may be useful in detecting as well as characterizing vascular abnormalities. 

In chapter 5, three techniques (advanced gradient hardware, partial-

Fourier and targeted coverage) were utilized to reduce the time needed to 

acquire three-dimensional data in gadolinium-enhanced abdominal angiography. 

The method allowed the visualization of several vascular phases using a single 

injection of contrast agent. With a temporal resolution less than six seconds, 

perfusion information as well as angiographic information is contained in the 

data. A combination of MR angiography and perfusion imaging was considered 

to evaluate renal artery stenosis both in a non-invasive and comprehensive 

fashion. Our preliminary results demonstrate the feasibility of obtaining high-

resolution multi-phase three-dimensional angiographic and perfusion information 

simultaneously. This approach may lead to a robust noninvasive and 

comprehensive technique in the characterization of renal artery stenosis. 

In chapter 6, high-resolution gadolinium-enhanced MR angiographic 

images of the hand were produced using rapid three-dimensional gradient-echo 

technique. Resultant images demonstrate normal and abnormal anatomy and 

allow for measurement of perfusion. Using this technique, absent perfusion to 

the distal digits in two patients presenting with clinical signs of ischemia was 

demonstrated. Decreased perfusion was also observed in digits distal to an 

arteriovenous malformation. Measurement of perfusion permitted assessment of 

vascular integrity in areas where the vessels are too small in caliber to be directly 

imaged. 
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Conclusions 

The overall conclusions of the study are the following: 

1. Cardiac-synchronized gadolinium-enhanced breath-hold MR angiography is 

feasible. 

This method: 

a) provides a coronary angiogram over a large volume m less than 30 

seconds 

b) eliminates the dependence of contrast on flow effects which can cause 

artifacts and mis-diagnosis 

c) reduces operator dependence for slice orientation and positioning. 

d) when volume coverage is sufficient (which can be realized using a multi-

slab acquisition), gadolinium-enhanced synchronized imaging is equal or 

superior to gadolinium-enhanced unsynchronized imaging for the 

evaluation of the thoracic aorta. The synchronized technique is less 

affected by motion of the beating heart and provides improved 

visualization of the aortic root and proximal coronary arteries. 

e) may not only lead to a more confident diagnosis but eventually aid in 

surgical planning and the planning of coronary revascularization. 

2. Dynamic 3D imaging removes the dependency on bolus timing and also 

yields additional perfusion information about blood flow, function and 

pathology. The technique may be able to: 

a) evaluate renal artery stenosis both in a non-invasive and comprehensive 

fashion 

b) assess vascular integrity in areas where the vessels are too small in 

caliber to be directly imaged . 
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Samenvatting 

De eerste doelstelling van deze studie was de implementatie, verfijning 

en klinische toepassing van cardiac-synchronized (ECG-gated) gadolinium-

enhanced MR angiografie in gezonde vrijwilligers en patiënten. De procedures 

hiervoor zijn uitgevoerd en beschreven in hoofdstukken 1-3. 

In hoofdstuk 1 wordt de uitvoerbaarheid van 3-dimensionale single 

breath-hold gadolinium-enhanced MRA van de coronaire arteriën bescheven. 

Om het passeren van een intraveneus toegediend paramagnetisch 

contrastmiddel door de coronaire vasculatuur bij vier gezonde proefpersonen te 

kunnen afbeelden, werd gebruik gemaakt van een 3-dimensionale 'rf-spoiled 

gradient-echo imaging' techniek. Het beeldcontrast bleek enkel en alleen van het 

contrastmiddel afhankelijk te zijn. Door de 3-dimensionale acquisitie waren 

retrospective reformation en display met maximum intensity projection en 

rendering algorhithms mogelijk. Een consistente visualisatie van de coronaire 

arteriën is reeds door veel onderzoekers behaald. Echter, de bestaande 

methoden bleken niet bevredigend voor een nauwkeurige diagnose van coronair 

arterie sténose. Eerdere studies stelden wel hoge sensitiviteits en specificiteits 

waarden in het vooruitzicht. Recente onderzoekingen benadrukken echter de 

problemen rond bewegingsartefacten, slecht contrast en de draaglijkheid voor 

patiënt. Onlangs bleek 3D contrast-enhanced MRA van de hoofdvaten van het 

lichaam een buitengewoon goed vasculair contrast op de leveren. De invoering 

van contrastmiddelen heeft de diagnostische waarde van de MR angiografie in 

aanzienlijke mate bevorderd. Deze verbeteringen gaan ook op voor de coronaire 

arteriën, maar de technische vereisten om dit te verwezenlijken zijn hoger, 

vanwege de bewegingen van ademhaling en hart. 

In hoofdstuk 2 werden twee verschillende technieken van gadolinium-

enhanced thoracic angiography toegepast. Bij één ademteug was 'ECG-

synchronized imaging' van het gehele hart mogelijk door een multi-slab 
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acquisition In de tweede plaats, leverde een CINE acquisition multiple stacks of 

images op m verschillende fases van de hartcyclus Multi-slab en CINE 

implementations van de 3D gadolinium-enhanced ECG-tnggered imaging 

leveren aanvullende gegevens op van met-gebruikte delen van de hartcyclus 

Hierdoor is het mogelijk extra beelden te verkrijgen extra beelden Elk imaging 

volume wordt gesynchroniseerd met de hartcyclus en maakt van K-space 

gegevens gebruik die alleen tijdens een korte periode van elke hartcyclus 

verzameld worden Voorlopige resultaten die m gezonde proefpersonen en 

patiënten met aorta aandoeningen verkregen werden, wijzen erop dat 

aanvullende beelden mogelijk zijn zonder dat de duur van het vasthouden van de 

adem hoeft toe te nemen of de beeldkwaliteit hoeft af te nemen Deze 

technieken betekenen een verbetering in vergelijking met de in hoofdstuk 1 

genoemde methode Breath-hold single-slab technieken leverde on voldoende 

spatial coverage op voor routinematig gebruik De multi-slab techniek lost dit 

volume coverage probleem wèl op CINE imaging, nauw verwant aan multi-slab 

imaging, kan een unieke methode zijn voor klinische en wetenschappelijke 

onderzoeken van de hartfunctie of retrospectieve selectie van morfologische 

beelden met minder bewegmgs artefacten 

In hoofdstuk 3 werd de verbeterde multi-slab methode m een klinische 

omgeving toegepast bij de beoordeling van thoracale aorta aandoeningen 

Gadolinium-enhanced 3D breath-holdmagnetic resonance cardiac-synchronized 

angiografie werd in 13 patiënten uitgevoerd die bekend waren met of verdacht 

werden van een thoracale aorta aandoening Met deze methode werden 

angiogrammen van hoge kwaliteit van de thoracale aorta ascendens en 

descendens alsmede de coronaire artenen verkregen De MR angiogrammen 

werden vergeleken met de gadolinium-enhanced angiogrammen, verkregen 

zonder cardiac synchronization Synchronized imaging het een aanzienlijk fraaier 

aneurysma zien alsmede weergave van aorta klep en de proximale coronaire 
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arterie. Synchronisatie deed bewegings artefacten afnemen en bracht betere 

visualisatie van de aortawortel en de proximale coronaire arteriën. 

De tweede doelstelling van de studie betrof het gelijktijdig verzamelen van 

gadolinium-enhanced perfusie MR beelden en gadolinium-enhanced MR 

angiogrammen. De beschrijving van deze procedure en het testen ervan, zijn te 

vinden in de hoofdstukken 4 - 6 . 

In hoofdstuk 4 werd gelijktijdige angiografie en perfusion imaging toegepast 

en getest met gebruikmaking van een nieuwe interleaved 2D en 3D gradient-

echo sequentie. Gecombineerde perfusie en angiografie levert aanvullende 

informatie op bij een aanvaardbare toename van de acquisition tijd. De techniek 

gaf geen aanleiding tot het ontstaan van beeldartefacten. De gecombineerde 

informatie kan nuttig zijn bij zowel het op het spoor komen, als het karakteriseren 

van vasculaire afwijkingen. 

In hoofdstuk 5 werden drie technieken gebruikt (advanced gradient hardware, 

partial-Fourier en targeted coverage) om de tijd terug te brengen die nodig is 

voor het verkrijgen van 3-dimensionale gegevens bij de gadolinium-enhanced 

abdominale angiografie. De methode maakte de visualisatie mogelijk van 

verschillende vasculaire fases bij gebruikmaking van een enkele injectie van een 

contrastmiddel. Bij een tijds resolutie van minder dan 6 seconden bleek zowel 

perfusie als angiografische informatie de gegevens verwerkt te zijn. Onze 

voorlopige resultaten tonen aan dat het mogelijk is om gelijktijdig high-resolution 

multi-phase 3-dimensionale angiografische en perfusie informatie te verkrijgen. 

Deze benadering kan leiden tot een nauwkeurige techniek bij de karakterisering 

van nierarterie sténose. 

In hoofdstuk 6 werden high-resolution gadolinium-enhanced MR 

angiografische beelden van de hand verkregen bij gebruikmaking van de snelle 

3-dimensionale gradient-echo techniek. De verkregen beelden laten de normale 

en abnormale anatomie zien en staan een meting van de perfusie toe. Bij 

gebruikmaking van deze techniek werd, in twee patiënten met klinische tekenen 
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van ischemie, aangetoond dat de perfusie naar de distale kootjes onderbroken 

was, en er naar de distale kootjes geen perfusie was. Afgenomen perfusie werd 

ook waargenomen in de kootjes distaal van een arterioveneuze afwijking. Door 

het meten van de perfusie was het mogelijk de vasculaire integriteit te meten in 

die gebieden waar de vaten een te kleine diameter hebben om rechtstreeks te 

worden afgebeeld. 
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Conclusies 

Uit de studie kunnen de volgende algemene conclusies getrokken worden: 

1. Cardiac-synchronized gadolinium-enhanced breath-hold MR angiografie is 

uitvoerbaar. 

Deze methode 

a. levert een coronair angiogram op van een groot volume in minder dan 30 

seconden 

b. maakt een eind aan de contrast-afhankelijkheid van stroom-effecten die 

artefacten en misdiagnoses kunnen veroorzaken 

c. doet de afhankelijkheid van de uitvoerder van slice orientation en 

positioning afnemen 

d. wanneer volume coverage voldoende is, is de gadolinium-enhanced 

synchronized imaging, bij de beoordeling van de thoracale aorta, òf 

gelijkwaardig van de gadolinium-enhanced unsynchronized imaging òf 

zeer veel beter. De gesynchroniseerde techniek wordt minder gehinderd 

door de bewegingen van het kloppende hart en levert een betere 

visualisatie op van de aortawortel en de proximale coronaire arteriën 

e. leidt niet alleen tot een meer betrouwbare diagnose, maar kan ook 

uiteindelijk van betekenis zijn bij het plannen van de chirurgische ingreep 

en coronaire revascularisatie. 

2. Dynamische 3D imaging doet de afhankelijkheid verdwijnen van bolus timing 

en geeft ook aanvullende perfusie informatie over bloedstroming, functie en 

pathologie. 

De techniek kan in staat zijn om 

a. arteriale sténose te beoordelen op een niet-invasieve en comprehensive 

wijze 

b. een indruk te geven van de vasculaire integriteit in gebieden waar de 

vaten een geringe diameter hebben om rechtstreeks te kunnen worden 

afgebeeld. 
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