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FOREWORD

Since it's introduction selective coronary angiography has become the most cssential diag-
nostic tool in the management of patients with coronary artery discase. Conventional selec-
tive coronary angiography is available worldwide and provides a rapid and accurate delin-
cation of the coronary anatomy of the entire coronary artery tree.'” Presently selective
coronary angiography is a prelude to revascularization procedures as coronary artery bypass
graft surgery (CABG) or percutanous transcatheter coronary angioplasty (PTCA) and seems
irreplaceable.’

However, conventional selective coronary angiography is not ideal because of the arleri-
al puncture, the use of X-rays, the high cosls and a small risk of serious complications.
This has inspired the development of non-invasive imaging modalitics to visualize the coro-
nary arteries. Conventional selective coronary angiography has been limited mainly to symp-
lomatic paticnts. Successful development ol non-invasive coronary imaging techniques will
allow carly preclinical assessment, repeated asssesments i symptomatic patients and the
applicitation as a research tool to follow early and late coronary artery disease processes.
The major challenges for non-invasive imaging modalities are: the relative small vessel
size, he complex three-dimensional trajectory, cardiac and respiratory motion. Magnetic
resonance imaging (MRI) and Elcctron beam compuiced tomography (EBT) are presenily
the two major altematives 1o selective coronary angiography.’” The goal of this thesis is
to study the possibilitics and limitations of both technigues and compare the clinical results
for the detection of coronary artery disease,

The first part of this thesis deals with ECG-triggercd MRI of the coronary arterics. In this
part present MRI techniques are described and new protocols are introduced. The value of
these protocols was studied in patients with coronary arfery stenosis and coronary artery
bypass grafis. The last chapter in this part studies the cffect of a clinical available partial-
ly intravascular MR contrast agent on magnetic resonance corenary angiography. Part two
focuses on the development of EBT for coronary angiography. The first chapter in this part
describes the technique of non-invasive coronary angiography with electron heam com-
puted tomography using inlravenous contrast agent administration. This chapter is followed
by two clinical studies with EBT. The last chapter in this part intraduces virtual angioscopy
as the future in post-processing of three-dimensional datasctls obtained with EBT. In the
third part of this thesis the capability of hoth techniques te visualize the coronary arlerics
non-invasively and the diagnostic value to detect coronary artery stenoses are compared.
Part 4 is a suppiement on non-ECG-triggered magnetic resonance angiography of the tho-
racic arteries, which demonstrates the advantages of contrast agents for these sequences.
While in ECG-triggered magnetic resonance coronary angiography conlrast agent has been
less effective, Chapter 20 summartizes this thesis in relation to the evaluation of patients
with atherosclerotic disease and provides a view on the future of cardiovascular imaging.

REFERENCES
1. Soncs I'l, Shirey E. Cine coronary angiography. Mod Concepts Cardiovase Dis. 1962;31:735-
738,

2. Judkins MP. Selective coronary arteriography. 1. A percutancous transfemoral technic.
Radiclogy. 1967;89:815-24,

3. Ross JR, Brandenburg RO, Dinsmore RE, Guidelines for coronary angiography. A report of the
American Cellege of Cardiology/American Heart Association Task Force on Assessment of
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Circulation. 1987;76:963A-877A,

4,  Manning W, Li W, Edelman RR. A preliminary report comparing nignelic resonance coro-
nary angiography with conventienal angiography. N Engl J Med. 1993;328:828-32,

5. Moshage WE, Achenbach 3, Seesc B, ct al. Coronary artery stenoses: three-dimensional imag-
ing with electrocardiographically triggered, contrast agent-cnhanced, electron-beam CT.
Radiology. 1993;196:707-14.
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ABSTRACT

Magnetic Resonance Imaging (MRI) is a noninvasive imaging technique that is becoming
more and more important in ¢linical cardiology. Physicians should understand the basic
principles of MRI before reliable use in practice is possible. Therefore, we will give an
introduction to basic MRI principles necessary to understand the difficulties of cardiac MRI.
First the generation of a signal by the combination of a strong magnetic field, radiofre-
quency pulses, and temporary changes in the magnetic field is explained. Then, the process-
es of localization of different points in an image, resolution and signal-to-noise ratio are
highlighted. Finally, the influence of tissuc characteristics such as Ty and Ty, on the con-
trast of an image are discussed.
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INTRODUCTION

Magnetic Resonance (MR) imaging is an
exciting diagnostic imaging tool that uses
strong magnets and low-energy radiofre-
quency signals (such as those found in radios
and televisions) to gather information from
certain atomic nuclei within the body.
Therefore, MR does 1ot require ionizing
radiation to obtain images. Several textbooks
on magnetic resonance imaging (MR1) give
excellent overviews of the basic concepts of
MR physics.” Therefore, in this paper we
restrict ourselves to summarizing these
basic physics concepts and refer the reader
to the textbooks for a more detajled descrip-
tion.

THE SOURCE OF THE MR SIGNAL

A correct description of what happens when
tissue is subjected to a magnetic field relies
on quantuin mechanics. Fortunately, all the
theory necessary for MRI can be based on
a simple classical model in which certain
rclei that spin around their own axis behave
like small magnets. For clinical imaging,
hydrogen is the most frequently used nucle-
us, but other possible nuclei are carbon-13,
sodium and phosphorus. Under normal cir-
cumstances these tiny magnets are random-
ly distributed in space, the magnetic
moments cancel each other out, and thus the
net magnetic vector is zero (Figure 1A).

However, when the patient is submitted to
a strong external magnetic field (Bg) the
nucier adopt one of two possible orientations:
parallel or antiparallel to the external field
(Figure 1B). Parallel alignment is the lower
energy state and is thus the preferred align-
ment, whereas antiparallel alignment is the
higher encrgy state. The energy difference
between the two states is very smatll: the pop-
ulation ratio is approximately 100,000 to
100,006. A net magnetization vector (Mz)
aligned to the external magnet results from
the difference between the two populations.
Individual nuclet do not actually line up with
the magnetic field but wobble or precess
around the direction of the external field
(Figure 2A). The frequency of this preces-
sion is given by the Larmor equation:

F= 'YBO/ZTC

Where F is the precessional frequency, By
1s the strength of magnetic field and v is the
gyromagnetic ratio of the nucleus.

This frequency is also called the Larmor fre-
quency. In the frequently used commercial
systems of 1.5 Tesla (T), the Larmor fre-
quency will be 63.75 MHz for hydrogen. It
is of note that the phase of precession around
the axis of the magnetic field is different for
each individual nucleus (Figure 2B).

Figure 1. A. Without a

magnetic field the magnet-
ic moments of the nuclei are
distributed at random and
thus the net magnetization
Juctor is zero. B. When
there is a strong external
magnetic field the spinning

micler align parallel or
antiparallel to the external
Jfield (B ) with a few more
pravallel than antiparallel.
This results in « net mag-
netization vector (Mz) par-
allel to the external mag-
netic field.
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Orientation

°

A

EXCITATION

The net magnetization vector from the
nuclei inside the magnet in its equilibrium
state is static and does not produce a meas-
urable signal. To obtain information from the
spins, the direction of the net magnetization
vector has to be altered. For this the pre-
cessing spins are excited by applying ener-
gy, in the form of radiofrequency (RF) ener-
gy pulses of exactly the Larmor frequency
{(resonance frequency). When an RF signal
is given at the resonance frequency into the
patient, two phenomena occur: first, enough
protons absorb energy to jump from the par-
allel state to the higher level of the antipar-
allet state, and second, the spins are
"whipped” to precess in phase. The effect of
afl this is that the net magnetization (Mz)
flips 90° from the positive z-axis to trans-
verse plane (Figure 3). The net magnetiza-

Figure 2. A. In more detail
the individual nuclei spin
around their own axis and
wabble or precess around
the direction of the external
field (Bo). B. The phase of
the precession around the
axis of the external mag-
netic field is different for
each individual nucleus.

tion in the transverse plane rotates around By
at the Larmor frequency. This rotating
transverse magnetization can be measured,
because it will induce an alternating current
{AC) in the receiver coil placed around the
patient.

RETURN TO EQUILIBRIUM

After the RF frequency transmitter is
switched off, the equilibrium state will be
sought (high energy back to low energy).
This means that the magnctization decays
over time, which is represented by a decreas-
ing magnitude of Mz in the fransverse plane,
Consequently, the induced signal in the
receiver coil will decrease in time. This
decreasing signal is called the free induction
decay (FID)(Figure 4), The time required for
the signal to return to equilibrium is the
relaxation time.

. RF at the Larmor frequency

Figure 3. When the spins are exit-

Receiver  ¢d with a RF pulse of exactly the

Larmor frequency, the net mag-
netization flips 90° and the spins
are "whipped" to precess in
phase. The rotaling net magneti-
zation vector induces an AC ina
recelver coil.

coil

AC-current
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—
Amplitude

FID

Figure 4. The received signal detected by the
receiver coil, the FID, decreases over time, when
the net magnetization vecior refurns fo is origi-
nal orientation.

Two relaxation processes exist: transverse
relaxation and longitudinal relaxation. Both
processes are independent. The process of
realignment to the external magnetic field is
called the longitudinal relaxation process
(Figure 5). It is characterized by the Ty,
relaxation time. The T relaxation time is
defined as the time required for the system
to recover to 63% of its equilibrium value
after it has been exposed to a 90° RF pulse
{Figure 6}. Various human tissues have dif-
ferent T| values (Table 1).

The second process of relaxation, the trans-

&
Orientation ; _
_ L’Qf :

(3 =

Phase

verse relaxation, depends on the spins pre-
cessing around the magnetization veetor.
Initially, after the excitation by the RF pulse,
the spins precess completely in phase.
However, as time passes, the observed sig-
nal starts to decrease because the spins begin
to dephase due to small differcnces in the
Larmor frequency induced by random local
magnetic inhomogeneities, due to spin-spin
interaction and inhomogeneity of the main
static magnetic field B,. This process is
called the transverse relaxation or spin-spin
relaxation and is characterized by the To
relaxation time (Figure 5). The T> relaxation
time is the time it takes for dephasing to
decay the signal to 37% of its original value
(Figure 6). The T, time from various tissues
is different, but the T» time is always short-
er than the T time.

SPATIAL ENCODING

To create an image, the MR signal from the
H-protons has to contain information about
where these H-protons are positioned in the
patient. This is done in three steps: slice
selection, frequency encoding, and phase
encoding,

To select an imaging slice throngh the body,
a magnetic gradient (for example 25
milliT/m} is added along the main magnet-
ic field in the caudal to cranial direction.
Because the frequency of precession, and

FID

!

Reallignment
{Longitudinal relaxation)

C

Dephasing
(Transverse relaxation)

Figure 5. During relax-
afion, hwo processes
exist: longitudinal relax-
ation and transverse
relaxation. Longitudinal
relaxation (upper row)
is the realignment of
the net magnefization
to the external magnet-
ic fleld Transverse
relaxation is the dephas-
ing of the precessing
spins lower row).
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% Table 1. T and T, value of different fissues at 1.5T
gm ) e Tissue T| (msec} T, (msec)

63%

Skeletal muscle 870 47

i Myocardium 600 40

Liver 490 43
— Fat 260 84

Figure 6. Longitudinal relaxation is character- Arterial blood 1,210 33

ized by the T relaxation time, which is the time Venous bloed £,210 250

to recover (3% of the original nel magnelization
vector: Transverse relaxation is characterized by
the T, time, which is the time it takes lo decay
the signal fo 37% of the original signal.

thus the frequency at which the spins can be
excited, is dependent on the local strength
of the magnetic field, a narrow band of fre-
quencies will only excite a thin slice (3to 8
mm) of spins through the body (Figure 7).
With a change in the excitation frequency
another parallel slice can be acquired later.
To obtain slices in other directions, for exam-
ple vertical slices, the direction of gradients
for the slice encoding are altered to an ante-
rior-posterior gradient. By using combina-
tions of gradients in all three directions, it
is possible to acquire a slice in any arbitrary
direction through the body.

The frequency and phase encoding are used

"

Hiﬁher frequencics

Lower frequencies

Magnetic gradint (5 mT/m

Fignre 7. A single slice through the body is select-
ed in MRI by superimposing a small magnetic
gradient on the main magnetic field in cranial-
caudal direction. A RF pulse will only exited the
spins, where the RE pulse matches the local pre-
cessing frequency determined by the Larmor
equation.

to obtain information for the individual
points within a slice, the picture elements or
pixels. For the phase encoding, a short tem-
porary change in the magnetic field is applied
between the RF excitation pulse and the read-
out of the signal. This change in the mag-
netic field will influence the frequency of
precessing, resulting in a shift in the phase
of precessing of the spins dependent on the
duration of this gradient switch. By repeat-
ing this process with different duration of the
temporary gradients, signals with a different
phase encoding are acquired (Figure 8).

The frequency encoding is used to differen-
tiate pixels with the same phase encoding,.
A magnetic gradient during readout of the
signal results in a specific shift of the reso-
nance frequency, likewise the effect of the

Temporary gradient

.

Phase = +0,35

Phase = 0
Figure 8. Dyring phase encoding a temporary
gradient is applied. The change in the magnetic

Jield will influence the precessing fieguency, afier

the gradient is switched off, the spins will pre-
cess with the original frequency, but a small
change in the phase of precessing will remain. The
process has to be repealed to acquived multiple
AC signals with different phase encodings.



BASIC PRINCIPLES OF MRI

23

Pﬁsé encodmg o

Frequency encoding

Figure 9. Frequency encoding, with a gradient
during readout of the AC signal, is used to dif-
ferentiate pixels with the same phase encoding.

slice-encoding gradient, for pixels with the
samne phase shift (Figure 9).

Combining phase and frequency information
allows the creation of a grid in which cach
pixel has a defined combination of phase and
frequency codes (Figure 9). This grid of raw
data is called the K-space. With a Fast
Fourier Transform, the raw data, that repre-
sents an amplitude as a function of time, are
transformed into a curve that represents an
amplitude as function of the frequency
(Figurc 10). The amplitude of each frequency
represent the intensity of each pixel. The
Fourter transform is performed in both the
frequency and phase encoding direction,
Important to realize is that the imaging time

Slice

—
Amplitude

Frequency encoding

Echo

for a single image depends on the number
of image lines desired, which is directly relat-
ed to the number of signais with different
phase shift that have to be acquired. For
example, for an image of 256 x 256 pixels,
or 256 image lines, 256 signals have to be
acquired.

THE ECHO SiGNAL, SPIN-ECHO
IMAGING

There are several reasons why the FID sig-
nal is not used for clinical imaging. First
there is a certain time necessary to perform
the spatial encoding, even with present ultra-
fast MR scanners this can not be performed
before the FID declines. Second, the creation
of a seccond AC signal gives opportunities to
modify the contrast in the images depend-
ing on the T} and T3 values of the tissues.
To evoke a sccond AC signal, a second RF
pulse is applied which flips the spin by 180°,
and also reverses the dephasing process
(Figure 11). As the spins rephase, the
amplitude of the AC signal increases and this
signal, called the echo signal, is measured at
its maximum (lime of echo = TE).

MR techniques using the combination of a
90° and a 180° RF pulse to generate an echo
signal are called spin-echo sequences.

CONTRAST
MRI has the potential to visualize the dif-

Fourier transform

intensity

Frequency

Figure 10. A hypothetical AC signal of a single image with two pixels with a different proton den-
sity will yesult in a AC signal, with interference pattern of 2 sinusoidal AC currents. A Fast Fourier
Transform extracts the different frequencies and their amplitude from the echo signal. The ampli-
tude of each frequency represenis the proton density in each pivel,
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Crientation

. = =
RCINC

Dephasing

) —>
» ©
Rephasing TE

i

FiD

ECHO

Figure 11. Due to dephasing, the FID signal rapidly decreases before the longitudinal magnetiza-
tion refurns to zero. A second RF pulses (RF2), which flips the spins by 180°, also reverses the dephas-

ing process. When the spins are in phase again,

interval between the first RF puise and ithe echo

ference in T and T, of different tissues.
Using these differences, contrast between
different soft tissues in MRI is superb com-
pared with x-ray computer tomography. If
the time for the next repetition of RF puls-
es {time of repetition = TR) is shorter than

TSignal intensity

a second AC signal, the echo signal, arises. The
signal is called the time of echo (TE),

the time necessary for total longitudinal
relaxation, the conirast in the image will be
mainly influenced by the difference in Tl
value of the tissues (Figure 12). Using a long
TR and a long TE, the contrast will be
dependent on T differences. A combination

Short T; \

T
i|Short TR [™—___ Leng TR Long TR T
!1Shore TE [~ S Long TE [~ _____

TRTE TE -
Time

Figure 12, Contrast between different tissues. Two fissues each with a different T and Ty value have

different signal intensity dependent on the time.
pixel is dependent on the TR used, indicated in

The contribution of Ty to the signal intensity of a
the figure for a short and a long TR, From these

points, the signal intensity decays along the Ty curve. Using a short TR and TE, the signal intensi-
by and contrast will be mainly be influenced by the differences in Ty value of the tissues (T} weight-
ed imaging). A4 combination of @ long TR and a short TE will result in contrast dependent on the
proton density, whereas a long TR and a long TE will pronounce difference in T value (T, weight-

ed imaging).
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4
i

Fov

t i 8
Yy N Single pixel

Figure 13. In MR imaging, resolution is deter-
mined by the pixel size, which is dependent on the
mumber of lines in the x and y direction used in
the matyix and the Fol covered with this matrix.,
Pixel size = FoV (x)/ NO. lines (x) X FoV (v)/ NO.
lines ()

of a long TR with a short TE will not be

dependent on Ty or Ty, but only on the pro-
ton density of the tissue.

RESOLUTION

In digitized imaging, such as MRI, pictures
are composed of a matrix of elements, called
picture elements or pixels. The image rep-
rescnts the field of view (FoV). The image
matrix defines the number of pixels used to
construct an image that is determined by the

90 180°

i

Slice encoding gradient [ =5

RF-pulse

number of frequency cncodings (128 or 256
on the x-axis) and the number of phase-
encoding steps used {128 or 256 on the y-
axis) for a certain FoV (Figure 13).
Therefore, the FoV, the matrix size used, and
the stice thickness determine the volume of
each pixel.

In practice the resolution is not determined
by the pixel size (the smaller, the higher the
resolution), but the signal-to-noise ratio is the
l[imiting factor, if the pixels become to small
and do not contain enough spinning protons
to produce a measurable signal the resolu-
tion is in practice impossible.

SUMMARY

To obtain a single MR image, a complex
combination of RF pulses and magnetic gra-
dient switches have to be applied. In spin-
echo imaging, two RF pulses combined with
gradient switches in three directions result
in one echo signal with spatial information.
For an electrocardiogramtriggered cardiac
image, in each heartbeat one combination is
completed and thus one echo is acquired
(Figure 14). To complete a single image of
236 lines, 256 echos with different phase

80° 180°

Phase encoding gradient

Frequency encoding gradient

@

&
L

TR

—
©

Figure 14. Example of a spin-echo sequence. An echo signal is evoked affer a 90° and a 180° RF
pulse. Spatial encoding of the echo signal is performed with gradient switches in three directions.
The slice selection gradient is present during RF excitation, which will now only excite a thin slice
through the body. The phase-encoding gradient is shortly present between the excitation and the sam-
pling of the echoa signal. Finally, the frequency-encoding gradient is activated during the echo acqui-
sition. This combination of RF pulses and gradient switches is repeated 128 or 256 heartbeats with
different phase-encoding steps. Imaging time will be approximately 3 to 4 minutes for a single car-

diac friggered image.
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encodings need to be sampled; therefore,
imaging time, for a single spin-echo image,
will be 256 heartbeats, which takes in most
patients between 3 and 4 minutes.
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ABSTRACT

Recently a new noninvasive imaging technigue, Magnetic Resonance Imaging (MRI) has
been developed that has the potential to assess the coronary arteries. MRI of the coronary
arteries is a challenging task because of the motion of the vessels during cardiac contrac-
tion and the motion of the heart with respiration. Several two-dimensional and three-dimen-
sional acquisition techniques have been developed to overcome these problems. In this arti-
cle we will describe different conventional MR techniques such as spin-echo and
gradicnt-echo. Also, we will describe new developments in MRT as uvltrafast breathhold
techniques using echo planar imaging or targeted volume scanning. Other new develop-
ments are respiratory gating techniques with or without respiratory motion correction. Finally,
we will review the results of these techniques in the detection of coronary artery bypass
grafts patency, coronary arlery stenosis, and the evaluation of coronary artery anomalies.
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INTRODUCTION

Since the introduction in 1959 of contrast-
enhanced coronary angiography, the tech-
nique has been until now the indisputable
standard of reference for the diagnosis of
coronary artery disease. Nonetheless, cardiac
catheterization is an invasive and expensive
procedure with a (small) risk of morbidity
and mortality. Recently, a new noninvasive
imaging technique, magnetic resonance
(MR}, has been developed that has the poten-
tial to assess the coronary arteries. In this arti-
cle we will give an introduction to MR coro-
nary imaging techniques and review the first
clinical results.

Since the introduction of magnetic resonance
imaging (MRI), a truly noninvasive fech-
nique not associated with radiation ig avail-
able for clinical usc. MRI of the coronary
arteries is a challenging task because of
motion of the vessels during cardiac con-
traction and the motion of the heart with res-
piration. Also, the complexity of the anato-
my in three directions hampers MR imaging.
Electrocardiogram (ECG) triggering with
data collection during mid to late diastole
minimizes blur from coronary artery motion
during cardiac contraction. To reduce respi-
ratory motion, imaging can be performed
with breath holding or with respiratory gated
techniques. The complex coronary anatomy
can be studied with two-dimensional (2D} or
three-dimensional (3D} acquisition tech-
niques,

In this article, we will describe different con-
ventional MR techniques such as spin-echo
(SE) imaging, which was the first used to
visualize proximal coronary arterics and
coronary artery bypass grafts, and gradient-
echo (GE) imaging, introduced later to speed
up image acquisition that now is frequently
employed for coronary imaging. Also, we
will discuss the differences between 2D and
3D techniques and describe new develop-
ments in MR] as ultrafast breath-hold tech-
niques and respiratory pated techniques.

CHALLENGES OF MR CORONARY
iIMAGING

Recently, MRI has been used to visualize the
coronary arteries. However, when perform-
ing MR coronary imaging many challenges,
which specifically pertain to coronary imag-
ing, should be met (Table 1).

First, there is the formidable problem of car-
diac motion causing blurring of the images.
Cardiac imaging with acquisition of, eg,
more than 50 images per second (possible
with conventional x-ray coronary angiogra-
phy techniques} during cardiac diastole
would result in a nearly motion-free imag-
ing, but unfortunately such ultrafast MR
acquisition techniques are not available.
Another approach is therefore necessary that
consists of the use of two interrelated com-
ponents; (1) triggering on the electrocar-
diogram (ECG) signal so that the acquisition
of images can be achicved in a predeter-
mined phase of the heart cycle, and (2)
choosing a time window within the cardiac
cycle where cardiac motion is minimal or
ghsent, This window is usually in mid to fate
diastole and lasts for 100 to 150 ms.
Therefore, ultrafast acquisition techniques
are necessary to acquire motion-free images
during this short time window in the cardiac
cycle.

Second, respiratory motion causing blurring
of the images. Basically, two techniques have
been used to overcome respiratory motion:
breath holding and respiratory gating tech-
niques. Breath holding is possible during 20
seconds in the majority of the patients. With
a heart rhythm of 60 beats per minute, this
permits data acquisition during 20 consec-

Table 1. Challenges in MRI of the Coronary
Arteries

1. Cardiac motion

2. Respiratory motion

3. Complex anatomy

4. Epicardial fat
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utive heartbeats in a single breath hold. With
fast techniques, described later in the article,
it is possible to collect one image in one
breath hold. Respiratory gating techniques
make usc of a navigator technique, which
monitors the movement of the diaphragm
during respiration. Acquisition takes place
during a predetermined small window of
diaphragm movement, assuring data collec-
tion af a nearly identical diaphragm level.
Third, there is the issue of the complex
anatomy. MR imaging can be accomplished
with 2D imaging (slice acquisition) or with
3D imaging {volume acquisition) tech-
niques. The tortuosity and complex course
of the epicardial coronary vesscls makes it
difficult or often impossible to "catch" the
entire coronary tree in one thin (3 to 4 mm)
monoplanar slice obtained with 2D tech-
niques. Acquisition of 2 or more contiguous
slices should solve this problem. Three-
dimensional imaging containing longer seg-
ments of the coronary arteries in one acqui-
sition definitely eliminates this problem. If
the data are acquired transversally over the
whole volume of the heart, imaging can be
operator independent, and all required imag-
ing planes can be reconstructed off-line.
Another advantage of 3D imaging is the
higher signal-to-noise ratio. Disadvantages
of 3D imaging are the longer scanning time,
the increased likelihood of motion artifacts,
and less inflow in the volume of fresh unsat-
urated blood.

Fourth, fat gives off a bright MR signal in
several techniques, which may interfere with
the signal of blood within the coronary arter-
ies. To improve contrast between coronary
bloed and surrounding pericardial fat, the
signal from fat must be suppressed. This is
achieved by application, before the acquisi-
tion pulse, of a strong radiofrequency (RF)
putse that selectively saturates the magneti-
zation of tat-bound hydrogen atoms but does
not affect water-bound hydrogen atoms. Fat
suppression is an essential component in the

techrique of MR coronary imaging.

SE IMAGING OR BLACK BLOOD
IMAGING

SE imaging was the first clinically used MR
technique. After excitation by a RF pulse, a
second RF pulse is applied to rephasc the
spinning atoms which will form the echo sig-
nat after a certain time. Becausc there is a
certain time between the two RF pulses,
moving blood will be out of the imaging
plane when the second RF puise is applied.
Moeving blood will thus produce no echo sig-
nal and hence be black in the image. Slow-
moving blood can be excited by both RF
pulses, thus producing an echo-signal, and
hence be gray or white in the image. The next
signal can only be acquired after the atoms
have returned to their original position,
depending on tissue characteristics, in car-
diac imaging usually on the next heartbeat.
For an image with 256 lines, 256 heartbeats,
approximately 3 minutes are necessary.
With this technique it has been possible to
visualize the proximal coronary arteries'”

Figure 1. Axial SE of the proximal coronary arter-
ies. Cardiac motion is suppressed by ECG frig-
gering, but blur exists due fo the respiratory
motion during the long seanning time. Ao, Aorta;
RVOT, right veniriculor outflow tract; LA, left
atrizm,; LM, left main; LAD, left anterior aescend-
ing coronary artey.
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Figure 2. Diagram of a seginented GE technigue. From a RF pulse, an echo signal can be refrieved
by a 180° switch of the gradient system. Within a window of 80 to 150ms during mid to late dias-
tole, § echoes are acyuired, comipleting an image with 128 lines in 16 heartheats, allowing cardiac

triggered breath-hold imaging.

(Figure 1) and coronary artery bypass grafts.
However, due to the relatively long acqui-
sition time, Paulin et al' concluded that, due
to significant motion artifacts, SE imaging
was unsatisfactory for diagnosis of coronary
atherosclerotic disease.

2D GE IMAGING OR BRIGHT BLOOD
IMAGING

In GE imaging, the echo signal is produced
by a single RF pulse followed by a 180°

switch of the magnetic gradients instead of

a second RF pulse. For coronary imaging,
Edelman et al® acquired 8 echoes within a
window of 120 s per RR interval (Figure
2). The information for a single image with
128 lines can now be acquired in 16 heart-
beats. The majority of the patients are able
to withhold their breath for 16 to 25 5, and
therefore data for one image can be acquired
within one breath hold. They were able to

obtain a resolution of 1.8 x (.9 mm, where-
as the slice thickness is 4 mun. This sequence
is frequently referred to as segmented 2D GE
imaging.

The gradient switch will rephase all the
atoms that have been cxcited by the RF
puilse, even moving blood, showing the coro-
naries bright in distinction to SE imaging.
Only turbulent blood flow will dephase
before the echo signal is acquired and be [ess
bright or even black in the image, therefore
presenting as a distinet signal void. This has
been one of the most important ways to
detect significant coronary artery stenosis
given the lumited resclution that can be
achieved with current technology.

The 2D slices can be angulated to evaluate
different segments of the coronary artery
tree, but even then it 18 not always possible
to cover the complete artery (Figure 3). In
this example is clearly shown that the prox-
Figure 3. (A) Example of a 2D
segmented GE image with signal
loss (straif arrow} occurring just
beyond a stenosis in the right coro-
nary arfery (RCA), Note that the
very proximal segment of ihe
RCA runs out of the imaging plane
{curved arrow), which suggests
the preseice of a significant steno-
sis. (B) Corresponding conven-
Honal coronary angiogram. Ao,
Aorte; PA, pulmoncry artery, LV,
left ventricle; RV, right veniricle.
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imal part of the right coronary artery (RCA)
runs out of the imaging plane, illustrating the
necessity of multiple contiguous images to
review longer segments of the coronary arter-
ies. This requires multiple breath holds to
visualize one cntire segment. Inconsistent
breath holding can introduce important mis-
registration artifacts, suggesting the false
presence of a stenosis or cven a total occlu-
sion. Different angulations are necessary to
visualize all the proximal and mid seg-
ments of the right and left coronary artery
system, so that a total examination takes
45 to 60 minutes. Using this elaborate tech-
pique, Manning et al identified the Ileft
main in 24 of the 25 (92%) healthy sub-
jects.” The left anterior descending coro-
nary artery (LAD) was identified in 100%
of the subjects over a length of 28 to 93mm
(average 44 min), the circumflex coronary
artery (LCX) in 76% (9 to 42 mm, aver-
age 25 mm), and the right coronary artery
(RCA) also in 100% of the subjects
(length 24 to 122 mm, average 58 mm). In
conclusion, it appears that with the 2D
imaging technique, images can be obtained
with adequate quality and minimal or no
cardiac or respiratory motion attifacts in the
majority of the cases. However, the over-
all robustness and reliability of the visu-
alization of the complex 3D anatomy of the
coronary arteries is not sufficient, mainly
because of the collection of data during

Gating window

several breath holds. This has restricted its
clinical utility.

3D GE IMAGING WITH RESPIRATO-
RY GATING

Three-dimensional MRI requires the acqui-
sitton of more echo signals to complete the
data for the desired volume. This consider-
ably lengthens the acquisition time beyond
breath-holding possibilities using conven-
tional MR systems. To minimize respirato-
ry blurring, Li et al’ used averaging of mul-
tiple acquisitions, but images still remained
too much blurred® for clinical use.

To improve the image quality of 3D GE
imaging, respiratory gating can be used.
Initial attempts with a belt around the
abdomen did not give reliable results.
Respiratory gating by measuring the
diaphragm movement with a MR technique
(MR-navigator) is much more reliable.” A
diamond-shaped region of tissue through the
dome of the right hemidiaphragm is selec-
tively imaged (Figure 4A). All the data are
frequently resampled to be sure that expira-
tion data are acquired, in gencral, depend-
ing on the respiration frequency, 5 or 6 times.
Retrospectively, a special algorithm selects
only the data from expiration to generate the
image (Figure 4B).* A volume of 32-mm
thickness with a resolution of 1.9 x 1.25 mm
requires 10- to 12- minute acquisition time.
However, to image the whole heart 3 or 4

Figure 4. (A)
Respiratary gating
with a MR-navigator
technique, 4 dia-
mond-shaped colimn
through the dome of
the right  hemidi-
aphragm Is selective-
by imaged. (B)
Analysis of navigator
data is performed to
retrospectively select
data from a gating
window within end
expirafion.
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volumes are needed so that the total imag-
ing time counts up to 40 to 50 minutes.
Postprocessing of these datasets allows
reconstruction of images along the coronary
arteries {multiplanar reconstruction [MPR])
with resulting images being comparable with
2D GE imaging (Figure 5A), and 3D
impression using dedicated software (volume
rendering techniques) to produce images
comparable to anatomical atlascs (Figure
5B). The results from several clinical stud-
ies will be discussed later.

Modification of the navigator technique
aflows correcting for the occurrence of shift
of the coronary arteries caused by respira-
tory motion.*”® The exlent of the shift of
coronary arteries with the respiration has
been studied by Wang et al." The shift of the
proximal coronary arferies in craniocaudal
direction was 60% of the diaphragm move-
ment and the shift of the apex was 90% of
the diaphragm displacement. Danias et al®
studied volunteers and showed that the same
image quality can be obtained as with breath-
hold imaging if they applied this correction

Figure 5. (A} Reconstruction of
an image from a 3D-navigator
fechnique along the right coro-
nary artery (RCA). (B) Three-
dimensional representation with
a volume-rendering technique of
& 3D-navigator dataset. Ao,
goita;y RV right ventricle; LAD,
left anterior descending; CX,
circumflex coronary artery; GCV,
great cardiae vein, LA, left atri-
um. The muricle of the leff atrivm
is manually removed from the
data set.

on the navigator technique. However, only
a relatively disappointing 33% reduction in
acquisition time compared to navigator gat-
ing alone was achieved. This means that for
imaging of the total heart the image acqui-
sition time is decreased from 40 to 50 min-
utes to 30 minutes.

3D IMAGING WITH ECHO-PLANAR
TECHNIQUES

Since the development of the carlier fast MRI
techniques as the 2D GE imaging, MRI hard-
ware has improved and new ultrafast
sequences have been created. One of the new
possibilities 1s echo-planar imaging (EP1)."
With this technique, following one RF
pulse, multiple readouts can be sampled dur-
ing the echo by using ultrafast gradient
switches. If 4 readouts are performed on one
RF pulse, with 14 RF pulses, 56 image lines
can be acquired (Figure 6) in a window of
150 ms, The speed of this acquisition is enor-
mous, and it is even possible to acquire a 3D
volume of the entire coronary artery tree
within one breath hold."" Figure 7A illus-

Figure 6. Diagram of a seg-
mented multishot EPI GE tech-
nigue. Following one RF pulse
4 echoes ave retrieved by ulfra-
Jast gradient switches. Within a
time window of 150 ms per
- heartheat 14 RF pulses are
given, so that 50 echoes can be
coflected. A 3D-dutu set of the
entire coronary artery can thus
be acquired in one breath hold.
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Figure 7. (A} Recon-
struction along the right
coronary artery (RCA)
Jrom a single breath
hold 3D EPI scan. (B)
Volume rendering of the
same data set. Left cra-
wial view. RV right ven-
tricle; LV, left ventricle;
Ao, aorta; PA, pul-
monaiy artery; LAD,
left anterior descending
artery, CX, eircumflex
coronary artery; GC¥,
greal caidiac vein.

trates a reconstruction along the RCA from
a 3D EP1 dataset, and Figure 7B illustrates
a volume rendering of the left coronary sys-
tem. The coronary atteries can easily be visu-
alized in the majority of the patients, but
image quality is not consistent enough for
use in clinical practice.

3D GE IMAGING WITHIN A BREATH
HOLD

With the development of high-power gradi-
ent systems, it is possible to scan up to 21
image lines within a time window of 110 ms
during every heart beat with conventional
GE techniques. We used these possibilities
to develop a 3D GE scan that covers a small
volume of 24-mm thickness in one breath

hold and that has some advantages over ear-
lier techniques. Unlike the breath-hold EPI
technique, which can only acquire axial data,
this technigque can angulate the volume in any
desired direction. Because of the complex
course of the coronary arteries, it is impos-
sible to cover the entire coronary tree in one
small volume. However the entire coronary
tree can be divided into different segments,
each with a particular volume along a par-
ticular direction. Thus, different scans are
selected for the different scgments of the
coronary tree. With this approach, called vol-
ume coronary angiography using targeted
scans (VCATS),™ we first use a single breath-
hold 3D-EPI scan to cover the total heart vol-
ume. This 3D scan 1s used as a localizer to

Figure 8. Different targefed vol-
umes are wsed for detailed exam-
inalion of sefected coronary artery
segments. This is called 1VCATS.
Displayed are four examples of
possible angulations for different
segments.
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Figure 9. Six contiguous slices from a 3D targeted
volume for the left coronary artery obtained in
one breath hold. Arrowheads, lefi main; straight
arrows, left anterior descending,; cuived arrows,
great cardiac vein. do, aorta; RVOT, right ven-
fricular outflow tract.

target the smaller volume scans, which are
optimal for each individual coronary segment
(Figure 8).

Imaging a segment of a coronary arlery in
one breath hold eliminates the problems of
inconsistent breath holding, introducing
artifacts in breath-hold 2D-GE imaging. With
this technique it is possible to image a coro-
nary artery segment with a resolution of 1.9
x 1.25 x 1.5 mm within 21 heartbeats.
Figure 9 is an example from a transversal
data set positioned at the left main and prox-
tmal anterior descending coronary artery.
Figure 10 is an illustration of an angulated
volume along the right coronary artery. In
general, 7 targeted volumes are sufficient to
visualize the important coronary artery seg-
ments (Table 2). In an initial study wsing

Table 2, Standard 7 Targeted Volumes
Covering the Major Coronary Artery,
Branches

Volume Coronary segment evaluated

1 Plane along LM, proximal LCX and
proximal LAD {segments 5,6,7,11)
Plane of proximal RCA (segment 1)
3 Plane along distal RCA (segments
34
Plane through aortic root and proxi-
mai RCA and LM (segments 1,5,6)
5  Planec along LCX (segment 11,12,13)
Plane along distal LAD (segments
8,9)
7  Planc along RCA {segment 2)

Abbreviations: LM, left main, LCX, lefi circum-
flex; RCA, right coranary artery; LAD, lefi ante-
rior descending.

VCATS, we showed that visualization of
more than 90% of the proximal coronary
artery segments and proximal coronary
artery stenosis”” was possibie. This technique
follows the course of the coronary arteries
better, and may reduce false-positive diag-
nosis of a severe stenosis due to running out
of the imaging plane of a coronary artery.

CLINICAL RESULTS

The SE technique was the first to be used for
clinical studies of the patency of coronary
artery bypass grafts. With the faster GE tech-
niques, the evaluation of coronary artery
anomalies and stenosis has been attempted.

Fignre 10. Six slices obtained
from a targeted volume along
the right coronary arlery
(straight arrows). It is clear-
Iy shovwn that, diie fo the com-
plex course of the coronary
arlery, the different segritents
of the artery are only visual-
ized in particular slices and
“disappear” in other slices.
RV, right ventricle; LV, lefi
ventricle,
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Table 3. Scnsitivity, Specificity, and Accuracy of Various Techniques in the Asscsment of]
Coronary Artery Bypass Graft Patency by MRI

Author Technique Grafts Patency  Sens Spec Accuracy
White Spin-echo 72 69% 86% 59% 78%
Rubinstein ~ Spin-echo 47 62% 90% 72% 83%
Fenking Spin-echo 41 63% 89% 73% 83%
Frija Spin-echo 52 83% 98% TE% 94%
Galjee Spin-echo 98 Td% 98% 85% 96%
White Gradient-echo 28 50% 93% 86% 89%
Aurigemma  Gradient-echo 45 73% B8Y% 100%  91%
Galjee Gradicnt-echo 98 74% 98% 88% 96%

echo imaging, GE, gradient-echo imaging.

Abbreviations: Grafts, mumber of grafis evaluated; Patency, percentage of patent grafis; SE, spin-

Coronary Artery Bypass Grafts
Saphenous vein and internal mammary
artery bypass grafts ate easier to image than
coronary arteries using conventional MR
imaging techniques due to their larger size
{5 to 10 mm in diameter) and lesser mobil-
ity associated with cardiac and respiration
motion. The first study was published by
White et al' in 1987. They used a conven-
tional SE sequence to assess bypass graft
patency and achieved a sensitivity of 86%
and a specificity of 539%. With increasing
experience and faster sequences, such as GE,
results improved (Table 3).* However,
these examinations only provide information
on bypass patency and no information about
graft patency distal to the first coronary anas-
tomosis or nonocchading stenoses within the
graft, limiting the application in clinical prac-
tice. Major obstacles to bypass graft imag-
ing are the local image artifacts associated
with metallic haemostatic clips, sternal
wires, and graft markers. Although internal
mammary artery grafts can also be visual-
ized, so far this has been only studied in lim-
ited numbers of patients due to the abundant
tmage artifacts related to the presence of
hemostatic clips

Coronary Artery Anomalies
Among adults referred for contrast x-ray
coronary angiography, anomalous origins of

the coronary arteries are found in 0.6% to
1.2% of the patients.® Fortunately, the
majority of these anomalies are clinically
benign. However, origin of the left coronary
artery from the contralateral side, with sub-
sequent course posterior to the pulmonary
artery and anterior to the ascending aorta is
associated with sudden death.” MR is an
ideal technique to evaluate such patients. In
two-blinded studies with 2D-GE sequences
involving 35 patients with anomalous aor-
tic origins of the coronary arteries, magnet-
ic resonance coronary angiography identified
the anomalous coronary artery course in 37%
of the cases.”™ [t may be concluded that MR
coronary angiograply may be used as a screen-
ing tool in young patients with unexplained
arrhythmias or syncope during exercise.

Table 4, Detection of Coronary Artery
Stenosis in Different Vessels by Breath Hold
2D GE MRI

Coronary No. with Sens Spec PV+PV-

disease (%) (%) (%) (%)
Left Main 2 (5%) 100 100 100 100
LAD 23 (64%) 87 92 95 80
LCX 720%) Tt 9% 63 93
RCA 20 (53%) 100 78 83 100

All vessels 52 (53%) 90 92 85 95
All patients 29 (74%) 97 70 90 38

Data on 39 patients from Manning ef al
Abbreviations: P¥+, positive predictive value,
PV-, negative predictive vaiue
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Table 5. Detection of Coronary Artery
Stenosis With Breath held 2D GE MRI

Table 6. Detection of Coronary Arery Stenosis
With a 3D Respiratory Gated GE MRI

Author All vessels All vessels
Sensitivity Specificity
(()0) (%)

Manning, 1993 90% 92%

Duerinckx, 1994 63% 71%

Post, 1997 63% 89%

Peanell, 1996  85% 95%

Coronary Artery Stenosis

Manning et al published in 1993 the first
study on 39 patients referred for clective
coronary angiography® In this study they
used the segmented 21 GE technique with
tat suppression. In a blinded analysis, sen-
sitivity and specificity of the 2D MR tech-
nique for the detection of significant steno-
sis (greater than 30% diameter reduction) on
conventional contrast x-ray angiography
were 90% and 92%, respectively, positive
and negative predictive values were (.85 and
0.95, respectively. Data for individual ves-
sels and patients are shown in table 4. Using
similar techniques Pemmell,” Duerinckx,* and
Post” were not able to confirm these sur-

Author N  Lesions Sens Spec
(%0} (%)
Post, 1996 20 21 38 95
Miiller, 1997 30 54 83 94
Kessler, 1997 73 43 65 na.
Woodard, 1998 106 10 73 na.
Sandstede, 1999 30 37 81 89
Van Geuns, 1999290 26 50 9
Huber, 1999 70 53 73 50

Abbreviations: 3D-NAY, 3D respiratory gated|
(navigator} MR technique; N, nmumber of patients;
Lesions, mamber of significant (> 50%) lesions;
n/a, not available,

prisingly good results. These studies demon-
strated a sensitivity varying from 63% to
85% {(Table 5). The differences of the
results can be partially explained by bias due
to different patient selection criteria, but it
also reflects the present lack of robustncss
of the 2D GE imaging technique. In its pres-
ent state 2D GE MRI cannot yet be consid-
ered a reliable alternafive to conventional
angiography for imaging of coronary artery
stenoses.

Table 7. Characteristics of Different MR Techniques for Imaging of the Coronary Arteries

SE 2D GE 3D GE-NAV 3D GE-EPI 3D GE-BH
Imaging lines per heartbeat 1 8 8 36 21
Acquisition time Minutes Sec Minutes Sec Sec
S/IN 4+ ++ ++ + ++
Operator dependency ++ + ++ 4+ +
Post-processing as + + 4+ +++ "+
3D-reconstiutions
Inconsistent breath holding 0 #H# O 0 #
artifacts
Non-breath holding artifacts 0 # 0 # HH
Blur from respiratory motion ## 0 # 0 0
Practical resolution Respiratory BH-time Residual S/Nand  BH-time
limited by; movement movement BH-time

{gating window)

Abbreviations: SE, spin-echo imaging;

3D GE-NAY, 3D GE imaging with respiratory gating

{(Navigator);, 30 GE-EPI, 3D GE with EPI; 3D GE-BH, 3D GFE imaging with targeted vofumes in
a single breathhold; S/N, signal-to-noise ratio; BH, breath hold; +++, best; ++, acceptabile; +, min-
imal; ##, frequently present, #, some times present; 0, not applicable
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Three-dimensional respiratory-gated tech-
nigues have also been used for patient stud-
ies. The specificily is high (94% to 95%}) for
most studies, but sensitivity varies for 38%
to 83% (table 6).** Image quality is nega-
tively affected by residual respiratory blur
and frregular respiration patterns or invol-
untary patient motion during the relatively
long acquisition time. An additional problem
with MRI results from the imaging of veins,
which can easily be mistaken for arteries, and
imaging of the pericardial sac causing mis-
judgment,®

CONCLUSIONS

MR imaging of the coronary arteries is a
challenging task, and many problems still
have to be overcome. Several techniques
have been introduced, each with its own
characteristics (Table 7). SE imaging, as the
first and slowest technique, has only been
successtul in the detection of patency of
coronary artery bypass grafts. With the mtro-
duction of GE imaging, the number of sig-
nals acquired with in one heartbeat increased,
which shortens the imaging time to one
breath hold for one image. This technique
has shown to be able to detect coronary
artery anomalies and patency of coronary
artery bypass grafts, but seems inadequate
for the detection of coronary artery or bypass
graft stenosis. Finally, several 3D imaging,
respiratory-gated imaging (with or without
respiratory correction) and uléra-fast breath-
hold techniques have been introduced. The
value of these techniques has still to be estab-
lished.
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ABSTRACT

Coronary angiography (CA) is presently considered the gold standard for the assessment
of the coronary arteries. However, the presence of ionizing radiation, its invasiveness and
the small associated risk of morbidity prompted long ago the development of more patient-
friendly imaging modalities. A promising technique, magnetic resonance imaging (MRT),
has been regarded as the major modality inr the coming decade. Although still in its infan-
cy qualitatively, its flexibility and non-invasiveness opens the door for a comprehensive
evaluation of the heart and the coronary arteries in one single sitting with high anatomi-
cal definition and excellent soft tissue contrast capabilities, double-oblique tomographic
sections and the possibility to quantify an innumerable number of cardiovascular physio-
logical parameters. Numerous ideas have been assessed, comprising breath-hold and free-
breathing two-dimensional and three-dimensional measurements. New ongoing trials with
intravascular contrast agents may provide for all these techniques the long-awaited essen-
tial boost for reliable magnetic resonance coronary angiography (MRCA). Introduction of
parallel MRI acquisition techniques, such as simultaneous acquisition of spatial harmon-
ics (SMASH) and sensitivity encoding (SENSE) may provide the speed enhancement
required to shorten imaging time for all techniques explored to date.
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INTRODUCTION

Despite its indisputable standard of reference
for the detection of coronary artery stenosis,
conventional coronary angiography (CA) is
expensive, requires ionizing radiation and its
invasiveness poses risks of major compli-
cations that can lead to stroke and death. In
response, several imaging methodologies
have been investigated to help assess, direct-
ly or indirectly, the state of the coronary cir-
culation and determine the severity of a coro-
nary lesion with lesser risks while providing
a less costly and safer alternative to paticnt
screening and follow-up. Localizing coro-
nary lesions and their possible impact is key
to how disease management can carry
through in a given cardiac patient. Although
several non-invasive imaging modalities
have been available clinically that can pro-
vide this information, MRI deserves special
attention. Magnetic resonance imaging is
devoid of harmful radiation exposure ensur-
ing study repeatability and it can deliver
high-resolution images with superb contrast
characteristics in any desired orientation,
especially suitable to study the coronary
anatomy. The techniquc can also furnish
functional parameters to complement the
evaluation of a detected coronary lesion
(e. g., through myocardial motion analysis
and perfusion mapping during rest and stress
tests). With clear advantages over other tech-
niques, MRI could broaden enormously the
scope in the assessment of cardiovascular
diseascs in preventive medicine if reliable
patient screening could be performed before
symptoms of coronary artery discase appear
that would requirc immedtate catheterization.
In this review we put in perspective and gen-
eralize on all magnetic resonance coronary
angiographic (MRCA) techniques that have
been investigated to date. To accomplish this,
an outlook on basic scanning concepts and
possibilities already explored for MRCA s
presented. We generalize on the potential
impact of hardware and software advances

on newer ‘dedicated cardiovascular” MRI
units on current MRCA concepts, the com-
mercial appearance of intravascular contrast
agents and novel acquisition strategies that
all together may reduce dramatically the
imaging time for ‘the integrated assessment’
of the heart and coronary arterics in the near
future.

CHALLENGES TO TOMOGRAPHIC
IMAGING: THE SUCCESS OF
CONVENTIONAL CORONARY
ANGIOGRAPHY

Native coronary arteries not only have a
small caliber, ranging between 2 and 5 mm,
but their path over the heart is generally tor-
tuous and they are subjected to the pump-
ing action of the heart and respiration. The
coronary vessels mostly curve around the
wall of the cardiac ventricles, making it dif-
ficult to find a single tomographic imaging
plane that can cncase entirely a coronary
branch.

The success of CA for the assessment of the
coronary arteries is based on simple facts.
Conventional CA is photographic in nature,
enjoying exquisite temporal resolution with
a frame rate reaching 60 frames per second
and high in-planc spatiai resolution, of the
order of 0.1 x 0,1 mm?2 for current digital
imaging systems. But most adequate to CA
is the use of selective contrast injections, tar-
geting directly Ieft and right coronary artery
trees. Therefore, CA can render projection
images of the entire coronary path over the
heart without the interference of cardiac
chambers and myocardium. Additionally, the
fluoroscopic nature of CA provides infor-
mation on the dynamics of the contrast media
injected, giving an intuitive indication to the
coronary artery flow patterns during cine
review. This can be considered a real asset
for CA, still to be seen applied to tomo-
graphic imaging techniques.

The aforementioned characteristics of CA
impose large constraints on any non-invasive



44

CHAPTER 3

tomographic technique, therefore, no other
imaging modality can fully integrate all the
versatility provided by CA, lacking spatial
resolution, acquisition speed, or coverage.
Magnetic resonance imaging is no exception
to the rule, temporal and spatial resolution
being mutually exclusive parameters. In
addition, with non-invasiveness the current
strength of MRI, selective injection of con-
trast agents is not & viable option for selec-
tive MRCA, making projection imaging, in
essence, not possible unless tagging tech-
niques with subtraction are used. Since MR1
can be regarded relatively slowly when high-
resolution images are altempted (image
resolution is difficult to attain in a single-shot
technique with temporal resolution < 60 ms),
a composite raw data set must be formed
over several heart cycles, making it suscep-
tible to cardiac motion and arrythmias.
Another consideration that must be present
is that image resolution is also susceptible
to respiratory motion.

2D Conventional k-space scanning
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MR IMAGING TECHNIQUES: SPIN
ECHOES AND GRADIENT-
RECALLED ECHOES

Two different techniques can be applied to
view the coronary arteries. Spin echo (SE)
scans and variants (turboSE, fast-SE) can
produce excellent anatomical images of the
heart and great vessels with images in which
signal suppression in blood-filled compart-
ments is typical in providing improved con-
{rast. Spin-echo-based techniques are regard-
ed as ‘black-blood’ techniques and are
ideal to observe the vessel lumen and, even-
tually, vessel walls if the signal-to-noise ratio
(SNR) and resolution is sufficient. On the
contrary, gradient-recalled echo (GRE)-
based techaiques provide, in general, the
opposite contrast by making use of the sig-
nal enhancement possible from inflow of
non-saturated blood to the region of interest
to  produce  ‘bright-blood” images.
Additionalty, GRE techniques are amcnable
1o both two-dimensional (2D) and three-
dimensional (3D) imaging formats.

triggered

vannen

[ € S —

scan time ~ RR*Ny

Figure 1. Conveniional 213 k-space encoding. One single line of k-space is acquired per heartheat
(shoven for a GRE reddowt). Iimaging tinie equals the manber of in-plane phase-encoding lines select-
ed. Temporal resolution is excellent, with each readout accomplished in several milliseconds. In the
example, 15 heartbeals are needed to cover the entive k-space matrix. kx frequency encoding, ky phase
encoding Ny number of in-plane phase-encoding steps; td delay 1o aequisition; RR cardiac period;

Gread readout gradieni waveforn.
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TECHNIQUE EVOLUTION: FROM
SLOW TO ULTRAFAST

To eliminate cardiac motion interference in
image resolution (biurring and ghosting
removal) it is necessary to synchronize the
image acquisition to a specific phase of the
cardiac cycle. This is achieved by triggering
the acquisition to the acquired ECG signal
by a physiological monitoring unit. Both
ECG-triggered SE and GRE techniques as
conceived over a decade ago are extremely
slow for cardiac imaging. A single line of
data was acquired per cardiac phase and
required as many heartbeats as in-plane
phase-encoding lines to achieve a desired
resolution (assuming a 2D scan with a sin-
gle average; see Figure 1), Because repeti-
tion times (TR) could be shortened to sev-
eral milliseconds with GRE technigues, such
as with turbo FLASH scanning,’” heart
motion could be frozen by scanning all in-
plane phase encodes in fess than 300 ms afler
detecting the ECG signal with crude spatial
resolution (e, g, TR =3 ms, 64 x 128 matrix,
6.4 x 3.2-mm? in-plane resolution). A com-

2D segmented k-space scanning

promise between spatial and temporal reso-
lution was offered soon enough with 2D seg-
mented GRE,* a multi-shot modification
collecting a reduced set of lines over multi-
ple cardiac periods (Figure 2). For MRCA,
advantage was taken that imaging could be
performed during a small interval in mid-late
diastole, a moment during which the heart
could be considered fairly stationary (60-150
ms, depending on heart rate and coronary
segment of interest).® A similar technique,
multi-shot spiral imaging, was also con-
ceived that reduced possible signal loss and
flow misregistration from fast-moving blood
in the coronary arteries (Figure 3).” Fast-S5E
techniques, the SE cquivalent to the seg-
mented GRE concept, have also found
widespread applications in the thorax for
assessing cardiac and corenary anatomy
within comfortable breath-holds,® or with
free-breathing techniques to augment patient
comfort.® As mentioned previously, fast-SE
variants have been targeted tfowards black-
blood contrast, opposite to the bright blood
appearance on GRE scans.

ky
T ] Breathirold
I N E N RN E NN triggered
B O EO0OIOO2OCE D an150
7 S el
G600 CQQRESR OO0 A D{ HA H
2686000000000 S ﬁq{"””“v’ /
3 i m’,‘" Jl
P N
eseccocedoeeeces [r RR it
4 S g 3 4 —_———
5% e000800C0QC600H0 o o o o o
GO ECOBBOGEOOE0 OO S "A’”,vﬂf “‘A"‘iﬂf "A“wﬂr "[\"”*ﬁi "A’”
3 B0 w7
e Qe BOOOECBOGOEO R0
@S CBECOLOEODOOOST Gread

Ni=5 scan time ~ RR*Ny/NI

Figure 2. Segmented 20 k-space encoding. Taking advantage of the period the heart remains quiet
duiing mid-late diastole, the acquisition window can be increased to encase several lines of k-space
in an interleaved fashion (shown for g GRE readont). Tine resolution is usually of the order of 50-
150 ms depending on heart rate. Imaging time in heartbeats is equal to the number of phase-encod-
ing lines divided by the number of lines collected per heartbeat. In the example, the entire k-space

data is collected in three heartbeats. ky frequency
scanned in acquisition window, Ny number of in
tion; RR cardiac period; G, .. readont gradient

y encoding, ky phase encoding: Ni number of lines
-plane phase-encoding steps, td delay fo acquisi-
waveform
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Spiral scanniing 20 segmeited spiral scanning
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20 single shot - TB%chpace ~23% faster one spiral_Per heartbeat @ @ @ @ @

B scait tiine ~ 5§ RR

Figure 3 4, B. Single-shot and segmented 2D spiral k-space encoding. (A) Spiral encoding process.
In essence, the in-plane imaging gradients are oscillated in tandem (oscilloscope traces shown) fo
accomplish a spiral frajeciory in k-space. Spiral permits a time savings of 23% over conventional
spin-warp scanning. (B) Tv improve resolution k-spoce is covered with pieces of spiral trajeciories
that are rotated accordingly on every hearibeat 10 provide uniforn coverage over k-space. This encod-
ing strategy has very good flow properties but is susceptible to off-resonant effects (producing some
blurring) that must be corvected before image presentation through past-processing and needs high-
qual.'fy gradient hardware lo obfain the desired trajectory, ky frequency encoding, ky phase-encod-
ing; td defay to acquisition; RR cardiac period; Gread readout gradient wavefori

YA Readout 1OmTm@ |
h gradient ;
waveform 1.0 ms ”:S_e
Conventiional, long TE, flow comp o
A TE=8.0 ms / BW=195Hz/pixel
! TR1
; High Gradient

J\/\N Short Rise Times

Shorter TE, same bandwidih
TE=3.6 ms / BW=195Hz/pixel

B H
> TRz
St EmTm@
- - . 10.25 ms rise |
High Density Scanning o
Ulira-short TR
Ultrashort TE, higher bandwidth
C TE=1.5ms / BW=790Hz/pixel GRADIENT PERFORMANCE

———> TRs

Figure 4 A-C, Effects of improved gradient hardware on acguisition speed and readout bandwidth.
(A4) Example velocily compensated GRE waveform along the frequency-encoding divecrion calei-
lated for an imaging system with o maxismum gradient strength of 10 mTin and a rise time of 1 ms.
(B) Similar choice Jor imaging bandwidih as in A, but using stronger and faster imaging gradients
permits a shorter TE with a gradient system using 38 mT/m and 0.25-ms rise time. (C) Using full
gracient strength and speed, ultrashort TE is possible using kigh banchviclth acquisition conversely
shortening also dramaiically the time (o acquire the MR signal. The repeat times possible, denoted
by TR 1, TR 2, und TR 3, respectively, can vary dramatically (TR 3 < <TR 2< TR 1 }. Only for
C can TR be made dramatically shorter because readout time is not time-consuming any more. In
general, the RF excitation for ¢ fakes as long 1o execute as the readout time, making this solution
more suitable for 3D imaging profocols to improve signal-fo-noise ratio (SNR) at high bandwidih
readouts. Values were computed jor a 256 matrix scan at FOV = 200 mmn and 64 points prior to the
echo (1280 ms RF excitation)
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With improved gradient imaging hardware
in newer MRI units (especially those called
‘dedicated cardiac’ MR scanners), stronger
and faster imaging gradients can be used
advantageously to speed up data acquisition,
¢.g to obtain better coverage with 3D scans
by packing more data into that mid-late dias-
tolic period with the heart standstiif. Since
gradient power has increased by more than
50 times within a decade (direct comparison
of gradient-strength rise times), we can envi-
sion two distinctive ways to use this power
to our advantage (Figurc 4). In onc case, the
readout bandwidth can be maintained narrow
while the proceeding gradients prior to sig-
nal readout can be scaled substantially in
strength with reduced application times
(compare Figure 4 a,b). Therefore, a short-
er TE can be accomplished under the same
SNR  conditions, improving flow signal
behavior, e. g., with velocity-compensated
waveforms (Figure 5). Because higher read-
out gradients can be utilized during data
acquisition, the readout band-
width can be increased
accordingly in order to sam-
ple the echo faster (Figure
4c¢). In this case, TE can be
shortened dramatically with
reduced sensitivity to flow
dephasing and flow displace-
ment. A penalty for using
higher readout bandwidths is
a reduction in the SNR avail-
able. The SNR is proportion-
al to BW-2 swhere BW indi-

SE (stationary)

cates the acquisition bandwidth. An increase
in acquisition bandwidth can be compensated
by using a 3D scanning protocol. Three-
dimensional acquisitions can cancel out the
noise increase from broader bandwidth
acquisitions by an additional factor of (par-
tittons)!’2. Figure 5 illustrates phaniom
examples of the flow behavior improvement
possible with high-performance gradients.
These improvements are applicable to any
GRE MRCA technique. For fast-SE acqui-
sition schemes improvements arc scen gen-
erally with shorter interecho spacings at con-
stant readout bandwidth. The increasing
availability of phased-array coil receivers to
provide enhanced SNR over wide fields of
view (FOV), e. g, panoramic array imaging,
offer further reductions in TR and makes it
practical to acquire more data lines per unit
time with larger readout bandwidths. This
SNR bhoost permits to augment the resolu-
tion per unit time and the possibility to

i gradients
10 mTim; 1 ms rise

gradients
38 mT/m; 0.25 ms rise

TE=80ms
BW=195 Hzjoix

TE=3.6ms
BW=175 Heqie

TE=2.5ms
BW=780 Haipix

TE=1.5ms
BW=790 Heipix

| Flow componsation

Fignre 5. Behavior of posi-sienotic signal loss in a high-grade stenosis phantom with comventional
(10 mT/m; I-ms vise time) and high-performance (38 mTim; 0.25-ms rvise time) flow-compensated
GRE sequences as a function of TE and readout bandwidth. The phantom consists of a straight fube
with an irregular stenosis characterized by a 70% stenosis by area. Non-compensated high-performance
GRE sequence at TE = [.5 ms maintains the signal after the stenosis with just a slight atienuation.
The best behavior is obtained with a fully flow compensated high-performance GRE sequence af TE
= 2.5 ms. The post-stenotic signal loss is extreme with a conventional TE = 8.0 ms when compared
with the high-performance equivalent at TE = 3.8 ms with comparable readout bandwidths, The steno-
sis area is only well depicted for the shortest TEs. The section thickness for all GRE seguence com-
parisons was 3 mm, and in-plane resolution 0.70 x 0.70 mm? . Flow direction Is from bottom to top
with a velocity of 95 cm/s. SE 2D spin-echo image, 2 wimn, 0.35 x 0.35 mm? in-plane resolution;
BWreadout bandwidth in Hz/pixel; TE echo time
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acquire breathhold 2D multislice and 3D car-
diac examinations with morc adequate cov-
crage and spatial and temporal resolution, To
fully utilize phascd-array coil technology and
the strength provided by the newest gradi-
ent hardware, 2D and 3D variants of the
echo-planar imaging (EP1} technique can be
considered for MRCA (Figure 6).'° A suit-
able combination between GRE and EPI
readouts can provide reduced sensitivity to
field inhomogeneities (e. g., susceptibility
artefacts from sternal wires) and a better
compromise between resolution and acqui-
sition speed for 2D MRCA."

MRCA TECHNIQUES

SE-based techniques

The black-blood nature of cardiac-triggered
SE techniques and fast-SIE variants can
demounstrate sections of coronary arteries
fairly consistently. Occasionally, the proxi-
mal coronary arteries were appreciated in
early days when blurring from respiration
was not excessive, as illustrated in a study

3D segmented EPI k-space scanning

ky
g 4

L)

a0-750 ms ;

by Paulin et al. using conventional ECG-
gated multislice multiphase SE.” With the
introduction of k-space segmentation with
fast-SE scans, studies can be accomplished
in a comfortable breath-hold yiclding excel-
[ent results for black-blood MRCA (Figure
7. McConnell et al, has further investigat-
ed the use of fast-SE scans with respiratory
synchronized techniques to produce black-
blood images with submillimeter resolution,
aiming to improve the quantification of coro-
nary artery stenosis and a first attempt to
study the coronary artery wall.® With half-
Fourier acquired single-shot turbo spin echo
{HASTE), a singleshot modification of fast-
SE cardiac anatomy has been studied with
readout times of 300 ms,” providing the pos-
sibility to obtain rough shots of the coronary
arteries and coronary artery bypass grafts
(CABG), as demonstrated in Figure 8.
Black-blood consistency in all fast-SE vari-
ants that have been used for cardiac studies
use a black-blood preparation referred to as
PRESTO.* This technique is very robust and
uses a non-selective inversion rapidly fol-

Breathhold
triggered
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Figure 6. Segmented 31 echo-planar imaging (EPl) k-space encoding. EPI permits to pack many
readouts for each RF excitation fhigh-density readout} and o large number of lines can be collect-
ed within the allotted acquisition window per cardiac period, In this example, three heartbeats fill
the entive 3D k-space matrix (15 X 15 % 5} Comparatively, scan time is the same as for the seg-
mented 2D case depicted in Figure 2, because it is five iimes faster; collecting five slice-selection
phase-encoding lines per RE excitation. ky frequency encoding, ky phase encoding; Ny number of
i plane phase-encoding lines; Ne number of echoes per RF excitalion; Nz number of sfice-selection
phase-encoding steps; td delay to acquisition; RR cardiac period; G read readout gradient wavefori.
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lowed by a selective re-inversion. Using the
inversion time of blood as inflow delay,
blood that has moved into the imaging slice
will have no signal and appear blaclk.

GRE techniques

Gradient-recalled-ccho techniques provide
greater {lexibility for MRCA. Several vari-
ants have been explored using 2D and 3D

scans combined with breath-hold and free-
breathing measurements. 11 is sensitive to
subdivide all MRCA techniques into three

Fortunately, this inflow delay mostly coin-
cides with mid-late diastole.

Figure 7 A-C. Cardiac triggered, breath-hold 2D segmenied blackblood fust SE. (4) Orientation
along the RCA. (B) Orientation through the aortic root. (C) Ovientation along LM and LAD. Every
slice was collected in 22 heartbeats with o time resofution of 105 ms per shot (TE = 57 ms, intere-
cho spacing = 7.12 ms, 15 lines/shot, 5 mm, 240X 512 matrix, FOV = 285 X 380 mm?2 ). RCA right
coronary arfery; LM left main; LAD left anterior descending; Ao aorta; RVOT right ventricular out-
fow track

Figure 8.{4) Cardiac triggered, free-breathing 2D single-shot blackblood fast SE (HASTE) tech-
wigue for coronary bypass grafi localization. (B) Comventional X-ray contrast angiogram of a 30-
year-old petient with previous myocardial infarction and presenily recurrent angina and with o venous
Jump grafi from the aorie to the lefi anterior descending, diagonal, intermediate, and marginal branch-
es, and the posterior descending artery. Six sections from 30 collected over 2 min during free-breatli-
ing. A single sfice of the HASTE technique is acqiiired every three heartbeats with a time resolution
of 395 ms per shot (TE = 30 ms, interecho spacing = 3.8 ms, 5-mm slice thickness, I-mm overlap,
192 X 256 mairix, FOV= 350X 350 mm 2 }. (see also Figs. 21, 22}
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Breath-hold, single slice 2D

2" generation

Free-breathing 2D, 3D

+ averaging
+ Prospective resp. ordered
{Navigator, resp. belows)

* Retrospective resp. ordered
(Navigator}

3@ generation

Breath-hold, multi-slice 2D
Breath-hold, single thin slab 3D
without/with contrast agents

R

ntag :

: with improved -

Breath-hold with arallel scanning | i gradient I
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Clinical trials - feedback cont

sed array coils :

Figure 8, Three “bright-blood’ mugnetic resonance coronary angiography (MRCA) technique gen-
erations are ideniified. First-generation MRCA technigues comprise experiments and clinical trial
resulis using the single-slice 2D} segmented GRE and spiral scans. Second-generation identifies those
MRCA techniques, generally 3D scans, that collect data during free breathing. Third-generation MRCA
techmiques exclusively aim for volume scans acquired within one or several breath-holds, preferably
using high-perfor mance gradient systems and contrast agenis. Hybrid setups may be applicable fo
breath-hold MRCA techriques by using some form of feedback control with navigator echoes to ensure
the same diaphragm position for each breath-hold data collection {composite data sets/intershice reg-
istration). Clinical irials are stifl on their way jor second- and third-generation technigues.

technique ‘generations’, with a similar sub-
division as suggested recently by Duerinckx
{Figure 9)." The first-generation technique
considers scans performed with 2D breath-
hold segmented GRE and spiral scanning.
For the second generation four free-breath-
ing strategies have been conceived: averag-
ing multiple acquisitions'™"" respiratory gat-
ing  using  respiratory  bellows,®
retrospectively respiratory navigator gated
acquisition and reconstruction®® and
prospective real-time navigator respiratory
data collection.** For the third-generation
techniques we consider all breathhold
MRCA scans that make use of high-per-
formance gradients to cover either a large
hearl volume for localization or target with
higher resolution a small volume along the
coronary arteries '™ Hybrid approaches
using navigator echoes can be incorporated
in first- and third-generation techniques to

make it possible for data collection over mul-
tiple breath-holds using a respiratory feed-
back monitor (screen or indicator) to warn
the patient to reproduce the same breath-hold
position.” Another approach has also been
applied in breath-hold 2D MRCA to correct
only the reconstructed image location based
on diaphragm position (or heart) to improve
inter-slice cortelation and aid in the
review. ™" The feedback approach can
improve SNR in composite data sets™ and
has been attempted for 3D imaging as
well.?* From all combinations possibie, 2D
breath-hold MRCA scans, 3D retrospective
respiratory navigator gated MRCA and a pre-
liminary asscssment of prospective respira-
tory navigator MRCA and breath-hold 3D
targeted-volume MRCA have been evaluat-
ed clinically (with patient pepulations = 2(};
see Table 1). Three-dimensional prospective
respiratory navigator MRCA scans are
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being assessed in a multi-centre trail at this
stage {W. Manning, pers. commun.). Other
more exotic MRCA techniques further await
clinical trials to determine their effectivencss
{such as those using EPI methods and com-
posite data collection in several breathholds
using feedback strategies).

Coronary visualization: strategies

Coronary arteries are usually embedded in
pericardial fat most of their course.
Therefore, current bright-blood GRE MRCA
techniques use some form of fat-suppression
scheme to separate the signal from coronary
artery lumen from surrounding perivascular
fat. Proton-density weighting can be used to
characterize the signal characteristics of all
non-contrast enhanced GRE MRCA tech-
niques. Coronary segments that run close or
within the myocardium that are not sur-
rounded with enough fat cannot be well
appreciated and the contrast needs to be
enhanced using some form of magnetization
preparation (MP) scheme prior to data col-
lection on every heartbeat. Two MP schemes
have mainly been devised. The first one con-
siders the application of magnetization
transfer (MT} irradiation,” the second, a
T2-weighted preparation.® Botnar et al,
reported a contrast-to-noise ratio enhance-
mend of 123% with T2 preparation.” The end
result from these two MPs is similar; how-
ever, T2-weighted preparation can have addi-

tional advantages. With T2 preparation bet-
ter differentiation between arteries and veins
is possible by accentuating arterial and
venous T2 differences by choosing an opti-
mal TE as demoustrated by Brittain et al.
(TE ~ 78 ms for T2, e = 223 ms and
Tzveins@20%025atu1‘ation =35 msat 157 a
signal ratio of approximately 6.5).7 In addi-
tion, the contrast generated is independent
of heart rate (for MT contrast, MT irradia-
tion must otherwise be applied during all the
time data is not acquired to make the con-
trast generation mechanism more heart rate
independent). Both MT irradiation and T2-
weighted MP decrease the signal from the
coronary artery wall providing a more real-
istic measure of the coronary vessel diame-
ter*® Another type of contrast that can be
used for coronary artery visualization is that
provided by T1-weighted GRE scans. Bright
blood can only be achieved if contrast agents
are added to the blood pool (extravascular
or intravascular) that can shorten the T1 of
blood considerably. In this case the T1 short-
ening should be such that the fat signal is dra-
matically suppressed for the TR and excita-
tiont flip angle considered.

First-generation MRCA: breath-hold
2D fechniques

The breath-hold 2D fat-suppressed seg-
mented GRE technique represents the first
attempt to resolve the coronary arteries

Figure 104-C. Cardiac triggered, breath-hold 2D segmented GRE MRCA in a healthy volunteer

(4) Orientation along the right coronary artery (RCA). (B) Orieniation through ihe aortic voot. (C)
Crienfation along LM and LAD. FEvery slice was collected in 22 heartbeats with a tinie resolution
of 150 ms per shot (TR/TE = 13.7/6.7 ms, 11 lines/shot, 3 mm, 240 X 512 matrix, FOV = 285.
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Figure 114, B. Patient with stenosis in the mid-segnieni of the right coronary artery. (A) Conventional
coronary angiogram. (B Breathhold 2D segmenied GRE (turbo FLASH) image. Signal attenuation
is reminiscent of the stenosis visualized in CA {arrows). Improved spatial resolution and thinner slices
are necessaiy to evaluate the high-grade stenosis. Fourteen heartbeats were used to scan a 154 x
256 matiix, slice thickness of 3 mm, 1.25 x 100 wmn? inplane resolution (other sequence parame-
tery as in Figure 10). Ao aorta; RCA right coronary artery, RV right ventricle; LV lefi veniricle; PA
pulmonary artery (figures reprinted fiom Wielopolski PA, et al. (1998) Coronary arteries. Eur Radiol

8. 873-885)

(Figures. 10, 11).% A stack of images oriented
parallel to each coronary vessel ensured cov-
erage in case of vessel tortuosity. Scans were
performed interactively with breath-hold
instructions to the patient and images
reviewed in situ {cine display) to appreciate
the entire course of a particular coronary ves-
sel. Decisions were made and additional
images acquired perpendicular to the vessel
path in possible problematic regions (signal
mhomogeneities) to better detect vessel nar-
rowing. Perpendicular images take full
advantage of inflow effects, helping to
obtain higher flow signal and better resolu-
tion to visvalize any possible narrowing
along the way. Manning et al. presented ini-
tial encouraging results in 1993 on a young
group of adult volunteers.” Subsequently, the
first clinical study was performed on 39
patients including 74% of the patients with
moderate to severe coronary artery stenoses
{ > 50% diameter stenosis on CA).” In a
blinded analysis the overail sensitivity and
specificity was 90 and 92%, respectively. A

larger study population showed again simi-
lar results;*™ however, trials performed by
Duerinekx et al., Pennell et al.,* Post et al.,®
Yoshino et al.* point out the large variabil-
ity in the results obtained {see Table ).
Breathhold 2D segmented spiral scans’ can
also be included in this first-generation
MRCA group. Clinical results were not
teported in parallel and are at an experi-
mental stage and not widely available for
clinical use. Segmented 2D spiral scans are
becoming popular with dedicated cardiac
scanners, producing good-quality data results
that rival those obtained with segmented 2D
GRE techniques.™

Second-generation MRCA: improved
coverage and SNR with free-breathing
2D and 3D techhiques

Multi-slice 2D and 3D GRE MRCA acqui-
sitions have been conceived under multiple
scenarios to obtain extended coverage, con-
tiguous slices, and isotropic resolution. The
basic idea behind this MRCA generation is
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to climinate operator dependence on scan
setup, permit image review after the exam-
ination 1s completed, and to produce better
SNR MRCA. Given that volume data is col-
lected, post-processing techniques can be
applied, such as volume rendering (VR),
maximum intensity projection (MIP), or mul-
tiplanar reformations (MPR), and show the
entire course of a particular coronary seg-
ment or a disptay of the entire coronary tree
over the heart. The 3D nature of the data sets
can eliminate the overlap of unwanted
structures by tissue segmentation during
interpretation.

To facilitate patient comfort several free-
breathing schemes were evaluated. These
comprise {a} averaging multiple acquisi-

tions,'™" (b) prospectively respiratory syn-
chronized data collection,”™ and {c) retro-
spectively ordered respiratory gated data,"
the latter two using navigator echoes {signal
from a penlike excitation) to either monitor
or correct the displacement of the liver
diaphragm or the heart itself during the
acquisition.

The method of averaging multiple acquist-
tions without respiratory synchronization
count among the first 3D MRCA techniques
used, employed by Paschal et al.”* and I.i et
al.’” with the idea to cnhance the SNR of
body coil acquisitions while pseudogating
the data coilection to overcome respirafory
ghosting. Because averaging does not pro-
vide images at a particular diaphragm posi-

Table 1. Sensitivity and specificity of clinical trials with a paticnt population > 20 using
all three generations of MRCA techniques as compared with conventional angiography
{vessels with > 30% angiographic stenosis). Results are expressed in percent. n.a. not available

Reference No. of subjects  No. of lesions* Sensitivity (%) Specificity (%)

First-generation MRCA (2D)

Manning et al.*® 35 52 96 92

Manning et ai.* 72 8l %0 n.a.

Duerinckx " 20 27 63 (G£75 U4 n.a,

Pennell* 39 55 8§54 n.a.

Post® 35 35 63 (A 89 (A)
40 (B) 97 (BY

Yoshino ct al.” 36 31 83 (LAD) 93 (LAD)
100 (RCA) 100 (RCA)

Second-generation MRCA (3D) (retraspective navigator approach)

Post et al.® 20 21 38 93

Miller' 30 54 83 94

Kessler et al.”” 73 43 65 n.a.

Sandstede et al,'! 30 37 81 89

Huber ct al.¥ 20 53 73 S50

Van Geuns® 29 26 50 91

Second-generation MRCA (3D) {prospective navigator approach)

Lethimonnier™ 20 17 65 93

Third-generation MRCA (3D}

Van Geuns et al.* 34 31 63 97

Regenfus ct al.* 30 31 77 94

a With significani disease o Stucly interpretation not filly blinded

b No. of vessels instead of lesions e Using projection images for evaluation

¢ Variahle sensitivities depending on detection threshold used to interpref images: A possible steno-
sis; B cerfain stenosis
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tion, significant blurring was reported. To
decouple and reduce maximally respiratory
motion effects on the acquisition Hofman et
al." appended the diaphragmatic position
provided by a navigator echo to the acquired
data (Figure 12), The navigaior echo has
been produced using either a spin-echo pen-
like excitation generated over the dome of
the diaphragm using the intersection of a
slice excited by a 90° RF pulse (sagittal) and
ancther slice using a 180° RF pulse (sagit-
tal to coronal orientation) or a single 2D RF
excitation {defining a cylinder). Analysis of
the navigator data (position histogram) was
then performed to sort the data retrospec-
tively within a predelermined reconstruction
gating window (e. g., £ 1, £ 3, or + 5 mum)
that reflected a similar diaphragm position
for the entire composite data set (Fipure 13a).
In general, the reconstructed data sets reflect
an end-expiration scan in subjects with typ-
ical respiratory patterns. To ensure data sam-

pling over the entire respiratory cycle mul-
tiple acquisitions were performed for cach
portion of k-space scanned per heartbeat {a
constant oversampling factor of 5 or 6). Scan
time is set by the number of cardiac cycles
necessary to acquire one single 2D or 3D
data set times the oversampling factor. The
efficicncy of the acquisition is defined by the
number of lines accepted within the recon-
struction gating range over the number of
heartbeats required to compleie the over-
sampled data sct. With this approach, Li et
al. reported 3D MRCA measurement in
which coronary artery lengths visualized on
healthy subjects were considerably longer
than what was possibic with comparable
breath-hold 2D MRCA scans.® Clinical
results in paticats with CA are summarized
in Table 1. Post et al. studied 20 patients with
coronary artery disease, identifying 96% of
the proximal coronary arteries, but encoun-
tered a low sensitivity of 38% and a speci-

____> o

s

Edge
detection
range

Gating window O, e P
respiration | ) ) v K/
! | ik N ST TN TN O SN SN N S Y
C ECG M L

Figure 124-C. Collection of diaphragmatic excursion using a navigator signal. The navigator sig-
nal is generated from a spin echo wsing o typical SE readowt with o rhombolidal cross section affer
the intersection of a sagittal sfice defined by 90° RF puise with an oblique slice generated by a 180°
RFE puise (A) Coronal scout image. (B) Transverse scout image. (C) Resulting diaphragmatic motion
collected over 30 s with scimpling occurring with the navigator echo collected every 240 ms. 4 res-
piratory excursion window Is assigned where edge detection processing Is defined over the region
{to save processing time). The navigator duta is attached to each data collection even! in the car-
diac period. The novigator duta can be used retrospectively to sort the data or prospectively to meke
decisions in real-time on data accepiance with a predefined goting acceptance window (e, g, + I,
+ 3, or + 3 mim). Selected data lines tying within the desired gating window are depicted with hrighter

circles
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ficity of 95% for stenosis detection.™ Miitler
et al. presented data on 35 patients with
unpredicted success, reaching a higher sen-
sitivity of 83% and a specificity of 94%.%
Huber et al.” reported on 20 patients a sen-
sitivity and a specificity of 73 and 50%,
respectively. Van Geuns et al. * found a sen-
sitivity of 50% and a sensitivity of 91% in
29 patients. Many more studies have been
performed since then because of the avail-
ability of this particular MRCA protocol in
many systems worldwide and reports have
been generated locally and infernationally
with their findings. High sensitivity has been
achieved once studies with sub-optimal
image quality are removed from the evalu-
ation. With successful data collection coro-
nary stenosis can clearly be seen (Figure 14).
Image quality is still problematic even in
cooperative individuals, as revealed in a

study by Stehling ct ai. ¥ on young healthy
volunteers.

The prospective navigator-gated acquisition
tracks the diaphragmatic position with a nav-
igator over the diaphragm (or close to the tar-
get coronary, e. g., the wall of the left ven-
tricle for the left coronary system) similarly
as in the retrospective approach. However,
real-time decisions are made to accept the
incoming data during mid-late diastole
when sampling is performed within the
desired gating window rather than over-
sampling to encompass the entire respirato-
ry waveform, as previousty mentioned. The
approach is considered to be similar to gat-
ing the acquisition with respiratory moni-
toring belts used for abdominal imaging
(introduced a decade ago). Two-dimension-
al MRCA scans using prospective navigator
gating with comparable quality to breath-

A Gating
window
retrospeciive
respiration
ECG
. Data selection affer acquisition f I
B
Gating
prospective window
respiration
ECG
Real time ; e
: Data selection during acquisition . -

Fignre 134, B. Retrospective and prospective nuvigator MRCA dara collection and processing schemes.
(A} In retrospective navigator MRCA multiple cardiac triggered data sets are collected (oversam-
pling by five fo six iime) to make sure that volid data exist during the entire respirctory period that
match the criteria for duata selection during reconstruction within a defined small acceptance win-
dow fe. g, £ 1, 4 3, or £ 5 mm). (B) In prospeciive navigator MRCA only those lines of data syn-
chronized with the ECG that were coflected within o predefined gating acceplance window are wsed
Jor the reconstruction. Gating acceptance window in prospective navigaior scanning can be vari-
able to increase scanning efficiency (e. g, £ 1 mm at the center and £ 5 mm towards the edges of
k-space). Retrospective navigator data collection requires enough computer memory to hold the mul-
tiple data sets (e. g., six times more for an oversampling factor of 6); nevertheless, the acguisition
time is fixed to the number of heartbeals reguired fv collect the complete set. Selected data fines are
depicted with brighter circles in both cases.
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FigmreldA, B. Retraspective navigator 30 MRCA scan. (A) Conventional coronary angiogram. (B)
Volume rendering of the RCA. Straight arrows indicate hwo stenoses located in the proximal and mid-
RCA segments. Two slabs were collected with 24 2-vum-thick slices with a FOV of 280 18 320 ntin 2
and a mairix of 128 12 256, TR/ITE = 7.4/2.7 ms, time resolution of 150 ms, and data colleciion time
of approximately 25 min. The black arrow in b demonstrates a boundary artefact that identifies the
extent of each slab scanned. RCA right coronary arvtery, RA right atrium; RV right ventricle (with
perwmission from ref. 48)

holding were demonstrated by Oshinski et Danias ¢t al.” demonstrated equivalent data
al*! Scanning time is dependent on the gat-  to breathhold 2D acquisitions with a 33%
ing window specified (smaller windows pro-  tmprovement in scanning efficiency (using
duce sharper results but scan time may a3-mm window) when compared with nav-
increase substantially). An additional igator gating without position correction.
improvement that ameliorates efficiency Reported clinical studies using this technique
has been evaluated by ‘re-registering’ the do not abound and soon reports are to be
volume scanned based on the position indi-  expected. A recent study by Lethimonnier et
cated by the navigator. Using this idea, al. on 20 paticnts revealed a sensitivity and

Fignre 154-C. Fxamples of prospeciive navigator 3D MRCA. (A) Curved multiplanar reformation
along the LAD of a 42-year-old patient \with chest pain but withou! coronary artery stenoses. (B)
FPatient with a tubular stenosis of the LAD coronaiy artery corresponds nicely with CA (C). AT2 pre-
pared sequence was used with TEeff= 50 ms, 8 lines/shot with TR/TE = 7.4/2.5 ms (60-ms time res-
olution), 10 slices of 3 mm (inferpolated to 20) scamned with a FOVof 305 10 360 mim 2 and a matrix
of 304 10 512 RCA right coronary artery; LM left main, LAD left anterior descending; Ao aorfa;
RVOT right ventricular outflow track. (Courtesy of W. Meavming, Beth Israel Deaconess Medical Center,
Boston, Mass.)
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specificity of 65 and 93%, respectively.™
Additionally, a small study reported by
Stuber et al.* illustrates excellent image qual-
ity in healthy volunteers and good correla-
tion with CA in 7 patients with coronary
artery diseasc. Other schemes are available
10 increase scanning efficiency even further.
Jhooti et al.”" have proposed the use of cen-
trically ordered acquisitions in which the
central portion of k-space is collected with
a small respiratory gating window (e. g., &
I mm} while the data for the outer portions
of k-space are scanncd with increasingly
coarser gating windows (e. g., £1 =3, £ 5,
and = 7 mm). This group claims that image
quality is not harmed significantly with such
procedure while scanning efficiency can be
increased to 50%. They also affirm that con-
sistently better image quality is obtained
when compared with the retrospective nav-
igator setup described above. The same
group in a report by Yang et al.* investigat-
ed a 3D focused imaging approach using a
volume-selective RF excitation (e. g., excit-
ing a small cube volume of tissue inside the
thorax containing only a coronary segment).
The group refers to this technique as 3D
zonal EPT MRCA, making it possible to con-
centrate on imaging only the coronary
artery while achieving good image quality
even with an extra 30% reduction in imag-
ing time. The data quality with retrospective
navigator MRCA approaches has been ran-
dom even in healthy volunteer studies, as
noted previously.” This has been shown
experimentally by Jhooti et al.”' investigat-
ing several schemes to compensate prospec-
live navigator data collection while analyz-
ing the possible pitfalls of the retrospective
navigator approach, The group conciuded
that image quality was in direct relation to
the goodness of the acquired data during the
central portion of k-space. This investigation
bears similarities to previous work on res-
piratory compensation schemes to reduce
ghosting artefacts and increase scanning efti-

ciency for freebreathing abdominal imaging
such as reordered phase encoding (ROPE)
and other schemes.™ The addition here is the
free choice of the gating acceptance window
over different portions of k-space, thus con-
trolling (predefining) the blurring function
over the coronary vessels. A direct improve-
ment of the retrospective navigator approach
can be envisioned based on the same
approach by making the constant oversam-
pling factor used until a variable one is pre-
sented according to the region of k-space
scanned. This requires further study and it
is likely to increase imaging time substan-
tially. The incorporation of segmented EPI
readouts in retrospective and prospective
navigaior MRCA is likely to shorten scan
time while maintaining good SNR and
increased spatial resolution.™"® Another
interesting free-breathing approach that is
claimed to be robust was introduced recent-
ly by Hardy et al.* striving for high-resolu-
tion coronary images using adaptive aver-
aging. The method is based on cross
correlation of real-time acquired frames and
selective averaging of those frames that con-
tain a coronary segment in the selected imag-
ing planc and at the proper location.

Third-generation MRCA: breath-hold vaol-
umetric MRCA with multislice 2D and 3D
techniques

The trend in third-generation MRCA tech-
niques is to acquire a volume data set in a
single hreath-hold. Breath-hold length, res-
olution, and coverage are balanced to obtain
in several attempts a complete study of the
coronary arteries. Aithough breath-hold vol-
umectric techniques have been attempted pre-
viously with limited resclution,” higher res-
olution and speed is possible with advanced
gradient hardware. This was first investigated
by Wielopolski et al.,” using a breath-hold
3D segmented EPI approach. More recent-
ly, the addition of partial Fourict processing
has shortened scanning times making it pos-
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sible to cover the entire hearl in one single
breath-hold.* Because the 3D information 1s
readily available after one breath-hold,
MPR can be used to obtain optimal plane ori-
entations that contain the coronary arteries
and apply these for higher-resolution 2D and
3D scans that target specifically each coro-
nary segment, This logic has been foflowed
{dubbed VCATS for volume coronary arte-
riography with targeted scans) for the eval-
uation of a breath-hold 3D GRE scquence

5

Figare 16. One possible setup for fast coro-
nary assessment using  breath-hold 3D
MRCA scans. (1) Using improved gradient
farchicre a volume localizer can be collected
(e. g., using segmented 3D EPI scans) which
provides enough spatial resclution in all
directions to localize all plane orientations
Jor coronary segments of interest {after mul-
tiplener reformation) for targefed 3D MRCA
scans (2, 3). Breath-hold targeted scaws coait
be set from the muftiplonar reformation plai-
Jorm directly to acquire each coronary seg-
ment {interactive made) or all orientations
are pre-recorded first prior to scanning afl
coronary segmenis at once (sequential
mode)

incorporating partial Fourier scanning to pro-
vide contiguous slices and immediate oper-
ator feedback (Figure 16). Short examination
times are therefore possible, taking as few
as seven breath-holds to screen the entire
coronary tree with comparable imaging
times and image quality to single-slice
breath-hold 21> MRCA (Figures 17, 18).
Despite the limited resolution that is possi-
ble in a short breath-hold with a limited num-
ber of heartbeats, signal non-uniformities and

Figure 174, B. Breath-hold tcr-
geted-volume MRCA (VCATS)
along the aortic root orientation
in a healthy volunteer. (4) Colluge
of 16 from 20 reconstricted slices.
(B) Volime rendering shows the
RCA and proximal LAD and LCX.
Date collection performed during
breath-holding in 21 heartbeuts
reconstructing 20 slices (7
scanned, 3 mmn thick) using o 126
X 256 partial Fourier matrix, FOV

= 220 % 290 mmZ 21 lines/shot '.'.fm’? TR/TE = 4.8/2.0 ms (100-ms time resolution). Magnetization
transfer contrast (. MTC) is applied prior to data collection on every heaitheat. Compare to breath-
hald single-slice 2> MRCA of Figures 7 b and 10b. Ao aorta; RCA right coronary arfery; LM lefi
main; LAD lefi anierior descending; GVC great cardiac vein
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stenosis greater than 50% can be visualized
casily when breath-hold is adequate during

the acquisition (Figurces 19, 20). Initial clin-
ical results reported by Van Geuns et al.” on

Figure 18. Transverse fargeted-
volume MRCA (VCATS) at the
fevel of the lefi main (LM},
clearly depicting LM, left ante-
rior descending (LAD), and left
circumflex (LCX) coronary
arteries. Compare with hreath-
hold 2D MRCA of Figs. 7 c and
10c, Imaging paramejers as in
Figure 17, GVC great cardiac
vein.

i

34 patients with 31 coronary lesions (> 50%
stenosis) found scnsitivity and specificity
values of 63% and 97%, respectively. Other
approaches consider volumetric imaging
vsing breath-hold multislice 2D segmented
GRE™ as well as spiral™ and segmented
EPLY Ulirashort TR 3D contrast-enhanced
MRCA with increased volume coverage has
been increasingly evaluated to counteract the
poor SNR of high-bandwidth acquisitions

Figare 19. Volume rendering of a VCATS fan-
gential to the mid-RCA segment collected on the
samie coronary pattent ay shows in Figure 4. The
example shows clearly the two stenotic segrmenis
{arrows). Imaging parameters as in Figure 17,
RA right atrivun; RV right ventricle.

Figure 20. (4) Conventionul coro-
naiy  angilogrem in a  patient
demonstrating  diffuse coronary
artery disease along the RCA.
(B) Volume rendered image of
VCATS collected along the RCA
demonsirates signal variations cor-
responding closely to those seei in
CA. Arrowheads demarcare equiv-
alent locations in both. Imaging
parameters as in Figure 17, RCA
right coronary artery. Ao aoita.
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with a dynamic injection of short T1 contrast
agent™" has produced relevant clinical
results on 30 patients with a sensitivity of
7% and a specificity of 94%. With the abil-
ity to use fluoroscopic triggering, rather than
using a bolus test prior to scanning, should
increase the consistency of the results using
contrast-enhanced MRCA and produce opti-
mal contrast, as shown recently by Li et al.©
To help patients to maintain a better breath-
hold or to elongate the breath-hold period,
the administration of oxygen during the
preparation phase is helpful to ensure a suc-
cessful study.®

ADDITIONAL APPLICATIONS OF MRCA

Coronary artery anomalies

Anomalous origins of coronary arteries
appear in approximately 1.2% of patients
referred for CA.* In the majority of cases it
1s benign in nature, but may be the cause of
sudden death.”* Detection of these anom-
alies can be performed with any MRCA
technigque available, as it has been proven
that MRCA is highly effective for this indi-
cation and can be regarded as a definite tool

for the diagnosis.” Additionally, it can be
advantageous over CA in cases with incon-
clusive results.” Two blinded studies using
MRCA involving 35 patients have identifted
the anomalous coronary artery and its cowrse
in 97% of cases. ™%

Assessment of coronary artery
bypass graft patency

Coronary artery bypass grafts have lesser
mobility with cardiac and respiratory motion
and also have a larger lumen (5-10 mm)
when compared with native coronary arter-
ies. This has made it possible even for con-
ventional SE and GRE techniques to show
some success in their evaluation.®”
Obstacles to CABG imaging arc set mainly
by tocal image artefacts (geometric distor-
tion and signal loss) associated with nearby
metallic homcostatic clips, sternal wires, and
graft markers. This has been particularly
problematic for imaging internal mammary
artery hypass grafts, which is the reason that
they have been visualized only in a limited
number of patients. With SE techniques, a
patent or occluded grafl is diagnosed after
observing signal loss or prevalence of the

Figure 21. (A) Another CA view of the same venous jump coronary bvpass grafi as demonsirated
in Figure 8. (B} Two volume-rendered views of the refrospective novigator 30 MRCAscan demon-
strate the entire cowrse of the coronwry artery bypass grafls (CABG) from the aorita crossing over
the right ventricular outflow irack (RVOT) towerds the leff amterior descending artery. The two arrows
indicate the location close 1o the sternal wires that create some artefactual lumen thinning. Two 64-
nm slabs were collected with 64 2-mm thick slices per slab (32 scanned) with o FOV of 280 X 320
mmZ and ¢ matrix of 128 X 236, TR/TE = 4.8/2.3 ms, time resolution of 134 ms, and daia collection
time of approximaiely 28 min, Magnetization transfer contrast preparalion and administration of an
intravascular-like/liver conirast agent (Endorem, Guerbet, Paris, France) were included to increase
confrast benween myocardivm and blood. Note the signal attenuation from the surface coil towards
the end of the grafi. Ao aoria; LV lefi venivicle; SVC superior vena cava.
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graft lumen. In an early investigation by
White et al.,™ a sensitivity and a specificity
of 86% and 59%, respectively, were report-
ed. However, remnant signal in cases of
stenosis from slow-flowing blood could lead
to false negatives. With increasing experi-
ence and the incorporation of cine GRE tech-

niques, many investigators obtained
improved sensitivity and specificity for
bypass patency but did not look into the pres-
ence of stenosis (see Table 2).7" Using ret-
rospective navigator 3D MRCA, Kessler et
al. reported the results on 7 patients with
CABGs within a large study on coronary

Figure 224, B. Two VUATS
excunples using two planes
ta depict a large portion of
the venous jump CARG on
the same patient as in
Figure 21. Note that a sim-
ilar stenosis arises firom the
proximity of the steinal
wires (arrows), more accen-
tuated in this case due fo the
stightty  larger  voxel
acquired and «a partial
Fourier  reconsfruction.
Scanning parameters as in
Figire 17. Ao aorea

artery stenosis detection, cotrectly classify-
ing 4 occluded and 13 of 15 patent grafts
(Figure 21).” Breath-hold acquisitions are
becoming more popular because of increased
examination speed and patient comfort.
Using breath-hold contrastenhanced 3D
GRE imaging, Vrachliotis ¢t al.™ and
Wintersperger™ also demonstrated the high
sensitivity and specificity of the contrast-
enhaneced approach. However, the length of
the acquisition window per cardiac cycle
(300+500 ms) introduces blurring of those
CABG segments close to the heart impair-
ing diagnosis of stenosis. Some CABG stud-

Table 2. Sensitivity, specificity, and accuracy of various techniques i the assessment of coronary artery bypass
graft patency as compared with conventional coronary angiography. CE 3DGRE refers to contrast-enhanced 3D
GRE scanning during dynamic bolis contrast mjection. HASTE half-Fourier acquired single-shot turbo spin echo

Reference Technique No.of  No. ofpatent  Sensitivily (%) Specificity (%) Accuracy
grafis grafis

2D technigues

White et al.® SE 72 50 86 59 78
Rubinstein et al.™  SE 47 29 50 72 83
Jenkins ct al.™ SE 41 26 89 73 83
Frija et al.™ SE 52 43 98 78 94
Galjee et al.” SE 98 73 98 83 96
White ot al.™ Cine-GRE 28 14 93 36 89
Aurigemma et al.*  Cine-GRE 45 33 88 100 91
Galjee et al.™ Cine-GRE 98 73 98 88 96
Kalden et al.® 2D HASTE 359 44 95 93 95
3D techniqueas

Vrachliotis et al.™  CE 3D GRE 44 29 93 97 95
Wintersperger et al.” CE 3D GRE 76 60 85 81 92
Kalden et al.*! CE 3D GRE 359 44 93 93 93
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ies have been performed that do not require
the administration of contrast, as previous-
ly shown with breath-hold 2D MRCA® and
more recently with thin slab 3D breath-hold
scans (Figure 22). A report combining both
breath-hold black-blood fast SE (HASTE)
and contrast-enhanced 3D imaging was
performed recently by Kalden et al. on 22
patients (59 grafis).” Black-blood HASTE
provided 95% and 93% tor sensitivity and
specificity for detection, respectively, with
similar resulis for contrast-enhanced 3D
angiography (94%). The shorter acquisition
in blackblood HASTE sequence could reveal
better patent distal graft anastomoses. A rel-
evant example of this technique is shown in
Figure 8.

DISCUSSION

Coronary visualization

Presently, the coronary arteries can be rou-
tinely visualized with many MRCA tech-
niques; however, drawbacks inherent to MR
must be considered that can significantly
tmpair image quality and diagnosis. Typical
noncontrast enhanced bright-blood MRCA
suffers from the same common ailments. Fat
suppression (or selective water excitation) is
performed to obtain the high contrast nec-
essary to observe the coronary arteries sur-
rounded in most of their course by pericar-
diat fat. Fat suppression can be cumbersome
to achieve over the entire heart or the tho-
rax because of the extensive presence of
air-tissue interfaces and also from the pos-
sible presence of neighboring metallic
objects such as sternal wires. The geometry
of the heart and the thorax also plays a role
in defining & region of good magnetic homo-
geneity, but this issuc has yet to be addressed
adequately (e. g., long vs short thorax). Most
likely some coronary segments will be
problematic to image and localized shim-
ming per region of interest will be necessary
to ensure homogeneous fat suppression.

Coronary arteries cannot be visualized well
if SNR is poor. Low-bandwidth readouts, of
the order of 100-200 Hz/pixel for 2D
MRCA, are used to counteract poor SNR,
Nonetheless, fat chemical shift can produce
enhancement or attenuation in the coronaty
arteries and surroundings with poor fat sig-
nal reduction. Particular choices of TE that
lead to an opposed-phase behavior for fat
{producing periodic reductions in its signal,
e. g, at TE = 2.38 ms, TE = 7.14 ms, for
.5 T) can help to increase contrast and to
delineate the coronary vessel. Yet, a signal
cancellation at fat-vessel boundaries always
oceurs and low-resolution scans can intro-
duce artefactual vessel thinning feading to a
false stenosis {e. g., coronary segments of the
order of one pixel may appear as black lines).
Another issue is the sensitivity of a technique
to provide good resolution and adequate con-
trast for stenosis detection. In general, 2D
MRCA uses fong TE. Long TE can help in
the detection of high-grade stenotic regions
(> 70%) by leaving a small signal void trace
that can be used as an indicator to a prob-
lematic region when resolution is not ade-
quate (large voxel sizes). Generation of sig-
nal voids at longer TEs is not precisely
desired, but the additional contrast between
vessel wall or plague and vessel lumen that
could be obtained for enhanced differentia-
tion is. At short TE, plaque may be indis-
tinguishable from vessel lumen cven in cases
of stenosis. A downside to the better contrast
is that longer TE slows down data collection
because of increasing TR. Geometric dis-
tortions and signal loss induced by poor mag-
netic field homogeneity created by metailic
materials, such as stents, sternal wires, etc.,
can obscure a coronary vessel (or CABGs)
completely, requiring the use of shorter TE.
Theretore, the issue of TE sclection 1s a cum-
bersome one, and as a result of the gradient
hardware improvements that lead to faster
dafa collection, TEs between 1.8 and 2.7 ms
are selected just to obtain the opposite-phase
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behavior of fat and a short TR while contrast
enhancement between plaque and wall and
coronary lumen is generated using the pre-
viously discussed MT preparation schemes
or Tl-sensitive sequences after administra-
tion of contrast agents. Black-blood MRCA
techniques (Fast SE based, 2D and thin-slice
3D), as shown in Figure 7, can be consid-
cred robust when fooking at all problems
described herein. Only cases with slow blood
flow might be considered difficult to intes-
pret. Nevertheless, the appearance of vessel
lumen signal indicates that velocities may be
abnormal and attention should focus in that
region.

Interpretation difficulties

Primarily, SNR limits the effective spatial
resolution achieveable with 2D and 3D
breath-hold MRCA. Breath-hold 2D MRCA
requires considerable experience in making
the correct assumptions in potentially prob-
lematic regions 1o recognize real from arte-
factual information. The localization of
focal coronary stenoses can only be indi-
rectly perceived through signal fluctuations
along the vessel path created by flow
dephasing arising from turbulent flow behav-
ior. However, false stenoses may be induced
during the review process in cases of tortu-
ous cotonary arteries and poor breathhold
reproducibility. Blood-signal saturation could
be used as an indicator to poor blood-flow
refreshment or complete occlusion, but this
does not play a significant role for stenosis
detection (see further on the issue of dynam-
ic imaging} unkess scans are performed per-
pendicular to the vessel path to enhance
inflow effects. Other interpretation difficul-
ties can arise. Hearl motion, beat-to-beat
variations, or poor breath-hold can signifi-
cantly blur vessel detail. Differentiation
between arteries and veins can be difficult,
especially between the LAD and LCX from
the great cardiac vein in distal segments.®
The pericardial sac can appear as a linear

structure with medium to high signal inten-
sity similar to a coronary artery. Fluid in the
superior pericardial recess (running posteri-
or to the aortic root) may show as a linear
structure joining the proximal LAD, making
it appear as a continuation of the vessel itself.
All these difficulties have been reviewed in
depth by Duerinckx et al.*¥ for 2D MRCA
and are equally applicable to any non-con-
trast-enhanced bright-blood MRCA tech-
nique.

Role of dynamic imaging

Unfortunately,  non-contrast-enhanced
MRCA may not be as reliable an examina-
tion as initially envisioned even with perfect
fat suppression and advanced gradient and
signal reception hardware. As mentioned
previousty, non-contrast-enhanced MRCA
can be considered mainly a proton-density-
weighted examination for all tissues, but the
signal from chemically shift suppressed fat.
The reason for having a proton-density-
weighted contrast is a direct consequence of
the wait interval introduced by the cardiac
synchronization necessary for each segment
of data collected. Therefore, the signal
from stagnant blood, blood clot, or plaque
can recover completely and appear as inte-
gral part of coronary artery (appearing
isointense}, especially when SNR and reso-
lution are not sufficient or adequate. This cre-
ates a difficulty in interpretation because of
poor tissue discrimination, as exemplified in
Figs. 23 and 24 from our experience, also
noted by others,* using thin-slab 3D MRCA
scans and 2D MRCA with vessels in the
plane of section. This is the reason why for
2D MRCA, stenosis could be better seen
with additional 2D thin slices acquired per-
pendicular to the coronary artery lumen.”
The use of magnetization-prepared contrast
in the form of MTC or T2 preparation can
be helpful in such instances to produce the
necessary differentiation, but this has yet to
be shown. To tackle this differentiation prob-
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lem, enhancement of a coronary segment
could be monitored more closely using some
form of dynamic mformation, similar to what
can be seen in CA, One way to achieve this
is by using the intrinsic contrast possible by
blood motion itself through bleod-tagging
MRCA tcchniques such as reported by
Edelman et al.* and Wang et al.* These tech-
niques can fag selectively blood at the aor-
tic root 1o observe blood moving into the
coronary arteries after an appropriate delay
between tag and imaging is selected.
Subtraction is performed from an untagged
blood image, collected interleaved with the
tagged one. This removes interfering fat and
myocardium to produce an image of only
tagged blood flowing into the coronary arter-
ies. Tagging and inflow delay selection
require some experience to visnalize a large
portion of the coronary arteries and image
quality can vary substantially depending on
the range of bleod flow veloc-
ities present and the fraction of
tagged blood that flows into the
coronary arfteries. Dynamic
imaging during the injection of
a contrast agent using a short
TR/TE Tl-weighted 2D or
smallslab 3D GRE or seg-
mented EPI scan could provide

Fignre 234, B. Patient presenting
a complere occlusion of the RCA on
CA () appears as normal affer
multiplenar reconsiruclion anafysis
of « retrospective navigator 30D
MRCA scan (B). Arrow in a points
10 u severe narrowing of the RCA,
not seen clearl)y in B despile good
image guality bui with a slight but
noticeable decrease in signal inten-
sity. Scent parameters as in Figure
14. Ao Aorta; RVOTright ventricu-
lar cutflow track, LV left ventricle.

a more adequate answer 1o the problem by
providing better SNR and speed. By observ-
ing dynamically the enhancement of the ves-
sels of interest, those vesscls that are poor-
ly enhanced or show noticeable
discontinuities in their enhancement pattern
are indicative of problems. The enhancement
process is better observed atter subtraction
of a pre-contrast frame. One of several
reports has investigated the rolc of a 2D pro-
jective-subtraction method.”

FUTURE DIRECTIONS

Dedicated MR cardiac scanners

The majority of MRE manufacturers of high-
field systems now offer dedicated cardiac
scanners with strong imaging gradients
{ > 30 mT/m) and fast rise times ( > 150
mT/m per millisecond) optimized for a
smaller effective imaging tield of view to

Fignre 244, B. Another example of severe diseuse of the RCA comparing C4 (A) with a voluine-
rendered image of a breath-hold VCATS collected tangential to the midRCA segmeni (B). While CA
demonstrates an abnormal course with nultiple stenotic regions after the first right ventricular branch
(arrow), VCATS ilfustrates a vessel with abnormal signal indicating the presence of disease but with
misleading lumen size. This may be consequent io remnant signal from plague and coronary vessel
wall in a scan which is mostly protor-density weighied. Scan parameters as in Figure 17, Ao aoria.
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provide speed with a higher peripheral
nerve stimulation threshold. The ever-
increasing addition of an arsenal of meas-
urement tools may soon prove to encompass
alt that was always envisioned for an inte-
gral evaluation of the heart and the coronary
arteries. These tools include real-time capa-
bilities with interactive platforms for meas-
urement seiup (including 3D steering
devices) and evaluation.®* The implemen-
tation of parallel imaging strategies that dra-
matically shorten image acquisition times per
cardiac trame may also become available on
ail these systems.” This would make it pos-
sible to evaluate the heart function and per-
haps the coronary arteries with exquisite tem-
poral resolution (not requiring ECG
triggering) and spatial resolution that rivals
that of ultrasound both in flexibility and
image quality, This may bypass some of
ultrasound's measurement disadvantages
such as finding a good acoustic window,
ultrasound beam attenuation, and obstacles
as with chest wall interference and inter-
vening pulmonary parenchyma.”

Yet some issucs must be addressed before
dedicated scanners enter routine clinical
practice for MRCA. Breath-hold or free-
breathing MRCA (or a combination of
both) is still under debate to solve in a reli-
able and time-efticient fashion the majority
of coronary cases. At this moment improve-
ments in slice-position correction methods
and special encoding schemes in free-
breathing MRCA using prospective naviga-
tor gating seem sufficiently robust to adjust
to every type of respiratory motion pattern
and permit adequate resolution for stenosis
evaluation. Research in many institutions and
innumerable modifications to current MRCA
techniques have marked a pace in the past
2 years to search for that reasonable balance
between available and future improvements.
Another important point is to provide the
appropriate SNR-scanning time relationship
to achieve the target resolution for stenosis

quantification in short imaging times. The
SNR 1s still a problem for high-resolution
imaging at {.5 T with phased-array coil tech-
nology. The recent introduction of 3-T
whole-body systems may mark an important
step for MRCA in conjunction with the com-
merciaj introduction of intravascular contrast
agents. Because of SNR restrictions, scan-
ners may not require the faster imaging gra-
dients now available but just an ‘intelligent’
setup that optimizes scanning possibilities
with currently available technology.

Processing power is still a major concern in
current scanners, e, g, scans may take much
longer to reconsiruct than the actual data col-
lection time {e.g., breathhold scans of
approximately 20 s taking a minute fo
process before review). It is clear, howevet,
that real-time interactive MRI will set the
new pace for enhanced system platforms
with better processing speed, flexibility for
dynamic display, volume rendering, and data
evaluation, Nevertheless, we feel that soon
enough cardiac MR systems will take shape
to satisfy cardiologists and provide an easy
setup and the acquisition flexibility that is
current in ultrasound examinations.

Intravascular contrast agents

The dramatic T1 shortening possible in blood
with dynamic injections of gadolinium
chelates ( < 50 ms) in combination with ultra-
fast GRE techniques has yielded high-qual-
ity breath-hold MRA. However, providing
a specific concentration 1o obtain consistent
T1 shortening in blood is difficult because
it depends on many parameters (e. g., phys-
iology and injection settings). Furthermore,
for MRCA, a single breath-hold and injec-
tion may prove inadequate for complete cov-
erage of the coronary tree. Examination suc-
cess is also measured by patient cooperation.
Gadolinium (Gd) chelates and ultrasmall
superparamagnetic iron particles (USPIO) as
intravascular contrast agents are being test-
ed with long blood half-lives ( ~ 1-2 h) with
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hopes of providing the long-awaited essen-
tial boost for MRCA.** This includes
agents such as Angiomark (MS-325, Gd-
based, Epix Medical, Massachuseits, USA)
and Clariscan (NCL00150, Nycomed-
Amersham, Oslo, Norway). However, it is
difficult to draw conclusions about the
present utility of these intravascular contrast
agents which will soon enter the market if
used for MRCA studies alone, Undoubtedly,
the success of any intravascular contrast
agents will happen once the bartiers of con-
trast and SNR arc achieved specifically for
T1-weighted MRCA scquences with con-
siderable suppression of the fat signal. This
will only occur whenever the T1 relaxation
in blood comes close to 50 ms or less and
preferably using a 3D imaging sequence.
The choice of contrast agent used, Gd-based
or USPIO, should not matter for the appli-
cation. Both types can reduce the effective
TT of blood 1o values < 100 ms; however,
Gd-based agents are presumably more
advantageous than USPIO contrast agents
because they maintain a longer T2* in blood
with similar T1 shortening, thus reducing the
constraimts over how short TE must be before
signal from blood decays (a special consid-
eration for EPI scans). Contrast agents, such
as dysprosium or superparamagnetic iron
oxide particles (SPIO),” can also be effec-
tive to shorten T2* even further and can be
used for blood signal suppression in coro-
nary arteries for black-biood imaging. Tt must
only be taken into account that myocardial
perfusion imaging may be a routine part of
a coronary examination, and first-pass injec-
tion of a bolus of the contrast agent chosen
should be possible.

In summary, the success of a contrast agent
will be strongly coupled to the MRCA tech-
nigue chosen, We must consider three work-
ing regimes of vascular signal in bright-blood
MRCA. Most of the scans usually performed
for MRCA are proton-density weighted with
the exclusion of the chemical shift fat-sup-

Figure 254, B. With large volitme scanning sig-
nificant blood saturation occurs even with proton-
densify weighted conitrast 3D MRCA scans with
data collection on every heartheat. A relrospec-
tive navigalor MRCA way acquived covering the
entive heart (A) prior fo und (B) after adminis-
tration of a liver contrast agent (Endorem,
Guerbet, Paris, France), o large superparamag-
netic ironoxide particle (SPIO) conbrast agent
remaining approximately 10-20 % iniravascular.
The addition of Endorem makes signaf from blood
wmiform in all blood-filled compartments and per-
wmits structitre differentiation. Ao aorta; RVOT
right vertricular omtflow track; SVC superior vena
cava, LV left ventricle.

pression pulse and any form of magnetiza-
tion preparation (MTC, T2 prep). When
inflow is present, blood signal for each data
collection is completely recovered in the
region of interest. In the case that no inflow
is present, blood can recover substantially
according to the time between the last RF
pulse executed on the previous heartbeat and
the first on the subsequent heartbeat. For pro-
ton-density-weighted 3D MRCA scans with
large-volume coverage, it 1s only necessary
to achicve uniform chemical shift fat sup-
pression over the entire heart, and that blood,
recovers completely before acquisition
occurs on every heartbeat. To speed up the
magnetization recovery of blood the admin-
istration of already approved contrast agents,
such as Endorem (Guerbet, Paris, France;
Feridex, Advanced Magnetics, Massachu-
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Figure 26. A, B The effect of an intravascular contrast agent Gadomer-17 (Schering, Berlin, Germany)

in improving visualization of corenary arteries in a pig. The left and right images were acquired
before and after adminisiration of Gadomer-17 (dose: 0.05 mmolidks), respectively. A retrospective
navigator 3D MRCA scan was used with a spatial resolution of T x I x 2 mnr’ . The SNR ai the RCA
was increased by a factor > 2 after contrast adiministration using an mversion pulse prior to signal
acquisition to null the myocardivm. (C) Curved multiplanar reconstruction of the contrast-enhanced
dala sel, showing good delineation of both RCA and LCX. Ao aorta; RCA right coronary artery;
LCX feft circumflex; RVOT right ventricular outflow track. (Images courtesy of Dr Debiao Li,

Northwestern University, Chicago, USA).

setts) or Gd-DTPA, can ensure a uniform
signal recovery for blood in all vascular com-
partments (Figure 25). For Endorem, the
SPIO accumulates for 80-90% in the liver
and spleen,” whereas a 10-20% fraction
remains intravascular with a mild T1 relax-
ation during steady state (T1 relaxivity ~
460-600 ms) and a long half-life."" Such
agent is not necessary for 2D or thin-slab 3D
MRCA. The last regime is that of T1-weight-
ed scanning, to which all comments stated
at the beginning of this section apply in this
case (Figure 26).

These three regimes have been well
described and analyzed by Johansson et al.,
simulating achievable contrasts and SNRs
possible for different T1 characteristics of
blood.!™ We encourage the reader to explore
this reference as it is of major importance in
the understanding of the effect of contrast
agents for MRCA.

Cardiac triggering

Many cardiac examinations are hampered by
suboptimal and inconsistent ECG triggering.
Cardiac lead placement can be cumbersome
in some cases and a good ECG trace is not
guaranteed once the patient is moved into the
magnet bore. Thercfore, the setting process
can be time-consuming if reposition is nec-
essary and can take a considerable part of the
cardiac examination time. Furthermore,
with faster gradient switching ECG is fre-
quently perturbed by voltages induced
between the electrodes and on the cable-car-
rying signals between the elecirodes and the
ECG monitoring unit.

This may cause possible mistriggering,
threatening to produce bad-quality images
especially in first-pass conirast-enhanced 3D
studies using increased high-amplitude gra-
dient activity. The perturbation is also
sequence and orienfation dependent. One
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solution provided by some manufacturers is
an ECG system in which certain derivation
can be selected at will that produccs the best
ECG tracing. Nevertheless, this does not
guarantee complete elimination of the inter-
ference created by the gradient switching and
newly developed optical ECG devices have
started to appear on the market." These
devices amplify the ECG signal close to the
reception electrodes and send the analog sig-
nal via fiber optics to the patient-monitoring
unit. These devices have proven robust even
with EPI acquisitions’® and will be available
with future cardiac-dedicated MRT units.
Another solution proposed by Vasanawala et
al."* uses a more exotic approach mapping
the velocity profile in the aorta using a veloe-
ity-sensitive navigator echo and producing
a trigger signal in real-time upon a prede-
fined criterion in an interactive platform. A
reproducibility study and quality assessment
in comparison with the more conventional
ECG triggering approach has proven con-
sistent and has been judged to produce bet-
ter overall image quality. The use of pulse
monitoring can also be used to obtain bet-
ter image quality in cases of mistriggering
with standard ECG reception and process-
ing.

imaging of the coronary artery wall

A major challenge for MRI of the coronary
arteries is to image the coronary artery wall.
Coronary artery stenosis can arise from a sta-
ble athcrosclerotic plaque which contains
mainly fibrous tissue and calcium or a vul-
nerable plaque containing a large lipid core
coveted by a thin fibrous cap. This cannot
be differentiated by CA and the vulnerable
plaques are the ones that are important to
detect as they are the reason that myocardial
infarction occurs after the fibrous cup rup-
tures and a subsequent intravascular throm-
bus develops and blocks the coronary artery.
The MRI and MRA techniques can con-
tribute greatly by providing a more realistic

picture of the problem and an answer to tis-
sue characterization."” Unfortunately, SNR
presently is not sufficient to visualize the
coronary wall at high resolution in free-
breathing examinations and less so for
breath-hold acquisitions,

Attempts to produce coronary artery wall
images have been presented by McConnell
et al.? and Meyer et al.® using black-hlood
techniques. New developments in invasive
MRI using intravascular catheter MR probes
may overcome the SNR barrier now imposed
to vessel imaging away from externally
placed coiis and provide some definitive
answers to study more clesely atheroscle-
’.Osis.lﬂﬁ,!{l'f

Parallel image-encoding techniques:
fast techniques made ultrafast

Faster imaging is always possibie by increas-
ing the speed at which data is encoded. This
is generally done by increasing readout band-
width (stronger gradients) and minimizing
gradient switching times to achieve shorter
TRs (faster rise times). Neverthcless, the
conventional sequential spin-warp phase-
encoding process of one raw data line per
readout event still proves to be the time-con-
suming process for extended coverage and
reselution for MRCA scans. An additional
speed-up factor can be achieved for any type
of imaging sequence that uses spin-wasp
encoding (more recentty studied for other k-
space trajectories e. g, spirals) when multi-
ple RF cotls are used for signal reception. in
principle, the idea is straightforward when
bearing in mind that a coil has a Himited
reception region according to its specific coil
sensitivity and can be precisely localized in
space. It is this signal localization that can
be used as an additional calculation variable
to accelerate data acquisition. The concept
to use the inherent spatial location of a coil
in an array to reduce acquisition time has
been proposed previously; however, a more
elegant and recent redefinition of the concept
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has appeared under the acronyms SMASH
(simultaneous acquisition of spatial har-
monics) imaging. " The spatial localization
of the coil reception pattern can be made
inherent to the data collected, making it pos-
sible to paralielize the conventional phase-
encoding process when the phase-encoding
direction is chosen, e. g., along the long axis
of the coil array. SENSE (sensitivity encod-
ing), another way to accelerate acquisition
using the same principle, uses a more gen-
eral formulation to solve the problem that
does not the require that coils be located
along the phase-encoding direction as in
SMASH.'®

The acquisition speed improvements offered
by these paraliel imaging techniques can be
used in several ways, including constant res-
olution with shorter breathhold times or
improved resolution, otherwise with present-
Iy used scanning times,"”

CONCLUSION

Magnetic resonance coronary angiography
has come a long way since the start of MR
cardiac applications, reinforced by the tact
that excellent images of the coronary arter-
ies can be acquired. However, at this stage,
no MRCA technique has yet fully proven
reliable for coronary slenosis detection to be
available for routine clinical work-up in the
near future. The rele of contrast agents for
SNR and contrast enhancement is clear for
contrast-enhanced MR angiography but
does not yet provide the definite answer to
reliability and reproducibility for MRCA.
The introduction of dedicated MR cardiac
scanners with high gradients and short rise
times in conjunction with mtravascular con-
trast agents with ultrashort T1 {of the order
of 25 ms or less) may dictate the definite fate
of MRCA in the coming years. Nevertheless,
most MRCA techniques are still invaluable
in clinical practice for a non-invasive, gen-
eral view of the coronary system. The tech-
niques can map the course of anomalous

coronary arterics and question the patency
of coronary artery bypass grafls and has
proven to be a valid sereening tool in young
patients with unexplained arrhythmias or
syncope during exercise. At present, sccond-
generation MRCAtechniques are still under
scrutiny but with a clear tendency to favor
prospective navigator rather than retrospec-
tive navigator MRCA. Third-generation
MRCA technigques are making their way to
trials with stronger and fast imaging gradi-
ents, and may soon appear in trials linked
with intravascular contrast agents, We con-
clude that it ts still the practical goal of any
MRCA technique to be reliable enough to
provide a ‘trae’ isotropic resolution with
1 mm3 voxels for any coronary segment of
interest. With adequate contrast, this reso-
lution should make it possible to visualize
hemodynamically significant stenoses.

Internet links to cardiac-related sites
Scientific comununication is becoming
increasingly popular using the World Wide
Web (WWW) as a means to stay informed
on the happenings around the MR cardiac
community, Some institutions have made
their internal websites public to illusirate
ongoing reseatch in the field of MRCA and
related topics. Many locations exist with
scaltered data that can be accessed using key
words such as, e. g., ‘coronary MR angiog-
raphy’ or ‘cardiac MRI" in the input of the
many available web search engines. The
LRL that we found that 1s of special inter-
est on the current image quality achievable
with MRCA and other cardiac-related stud-
ies is hitp://www.bidme.harvard.edu/cmr/
cmr-network . htm] This URL provides links
to other sites of interest. We cncourage the
use of the Internet to show current examples
comparing CA with MRCA, successful and
unsuccessful to help increase awareness on
the problems and possible solutions that may
be of interest to solve for the more techni-
cally oriented MR cardiac community.
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ABSTRACT

Magnetic-resonance imaging techniques use different imaging planes than does conven-
tional coronary angiography to acquire longer segments of a coronary artery in a single
tomographic slice. At first sight, these planes appear rather puzzling, because the coronary
arteries are displayed in unfamiliar orientations. In this article we will review the exist-
ing methodology for obtaining the orientations for the proximal coronary artertes and describe
the associated anatomical landmarks that can be seen. Additional orientations for the mid-
dle portion of the circumflex and distal right coronary artery are introduced. These orien-
tations are used both in various acquisition techniques and for evaluation of three-dimen-
sional data when using multiplanar reformatation.



MRI OF THE CORONARIES: 2D-IMAGING 79

INTRODUCTION

Conventional seiective coronary angiography
is a very effective imaging technigque for dis-
playing important clinical information con-
cerning the state of the coronary arteries. By
selective injection of conlrast agents into the
coronary arteries, signals from other blood-
containing structures, sich as the heart cham-
bers and coronary veins, are eliminated.
Standard orientations are generally obtained
and cardiologists are well used {o the cor-
responding anatomy for these orientations.
Magnectic-resonance coronary angiography
uses different nmaging planes that appear
rather puzzling at first sight because the
coronary arteries are displayed in unfamil-
iar orienfations. In this article we will
review and complement the methodology on
kow the orientations for all major coronary-
artery segments may be obtained and discuss
the anatomical landmarks that can be seen,

IMAGE ACQUISITION AND EVALUA-
TION CONCEPTS

Early magnetic-resonance coronary angiog-
raphy was performed by using two-dimen-
sional techniques to study the coronary arter-
ies.”” To visualize longer coronary segments,
particular image planes were proposed and
multiple parallel slices were acquired in
order to have extended coverage of the tor-
tuous vessels,

More recently, three-dimensional magnctic-
resonance imaging techniques that are more
suited to the evaluation of the complex three-
dimensional coronary anatomy have been
introduced.*® Three-dimensional datasets
are advantageous in that the imaging planes
acquired with two-dimensional techniques
can be reproduced using multi-planar refor-
mations (MPR) after data have been
acquired. Likewise, projection images may
also be reconstructed using maximum-
intensily projections’™ or volume rendering™"
in order to view the coronary arteries in the
same orientations and extents as are obtained

in conventional angiography. Nonetheless,
use of maximurm-intensity projections and,
in some instances, volume rendering can not
avoid the overprojection of the cardiac cham-
bers (if their signal is not removed) and the
myocardium to show only the coronary arter-
ies without any interference. Therefore, MPR
is at present used for evaluating the coro-
naries and the procedure used to select the
imaging planes is directly applicable to mag-
netic-resonance coronary imaging with two-
dimensional techniques or three-dimen-
sional targeted-volume techniques.”

TRANSVERSE OR AXIAL PLANES

Transverse planes are glways the starting
point for acquiring or reconstructing angu-
lated planes. In these plancs already a large
part of the corenary tree can clearly be iden-
tified. Depending on the cross-sectional level
of the planes obtained, the proximal or more

*

Figure 1. Transverse slice through the aortic root.
The {eft main coronary artery (LM) can clearly
be seen, the proximal left anterior descending
artery (LAD} twrns around the pulmonary artery
(PA} anteriorly. The circumflex coronary artery
(CX) nons into the left atrioventricular groove
lvgether with the great cardiac vein (GCV). Ao,
aorta; SCV, superior caval vein, LA, left atrium;
A, anterior thoracic wall; P, posterior; L, lefl; R,
right, This tmage was acquired with a breath-
holding  three-dimensional  gradient echo
sequence with an in-plane resolution of 1.9 1.2
mm and a slice thickness of 1.5 mm.”
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distal parts of the coronary arteries can be
seen.

Left main and left anterior descend-
ing coronary arteries

In & transversal planc through the aortic root,
the aorta and the pulmonary attery can eas-
ity be recognized (Figure [). At this level the
left main coronary artery originates from the
left coronary cusp of the aorta. From the
bifurcation of the left main coronary artery
the left anterior descending (LAD) coronary
artery turns around the pulmonary artery to
the anterior wall of the left ventricle, while
the circumflex coronary artery turns into the
left atrioventricular groove. The great car-
diac vein {GCV) runs parallel to the LAD
coronary artery {in many cases on the left-
hand side of the LAD coronary artery) and
tums around to the circumflex coronary
artery to eventually become the coronary
sinus.

Figure 2. Transverse slice just above the aortic
valve, showing the proximal right coronary
arfery (RCA) and the more distal lefi anterior
descending coronary artery (LAD), cireumflex
coronaiyv artery (CX), and greal cardiac vein
{GCV). Ao, aorta; LV, lefi venmricle; RA, right atri-
umy LA, left atrium; RVOT, right ventricular oul-
Sow track; 4, anterior thoracie wall. This image
was acquiired with a breath-holding three-dimen-
sional gradient echo sequence with an in-plane
resolution of 1.9 X 1.25 mm and a slice thickness
of 1.5 mm. 4

Proximal right coronary artery
Approximately 1 cm below thie origin of the
left main coronary artery the proximal right
coronary artery originates anteriorly from the
right coronary cusp and fellows a course
through the right atrioveniricular groove
between the right ventricular outflow track
and the right atrium (Figure 2). At the same
axial level the LAD and circumflex coronary
arteries and GCYV are transected on the epi-
cardium of the left ventricle.

Distal right coronary artery and
posterior descending artery

At the level of the acute margin of the left
venlricle the right coronary artery {RCA)
turns to the crux and can be seen entirely in
transverse planes (Figure 3). The origin of
the posterior descending artery (PDA) can
also appear running along the inferior inter-
ventricular groove. The middle cardiac
vein, which also follows a course through the

Figure 3. Transverse slice through the inferior
walls of the left ventricle (LV} and right ventri-
cle (RV). Here the right coronary artery (RCA)
runs in the right atrioventricular groove to the
crux whence the posterior descending artery
(PDA) originates. The middle cardiac vein
(MCV) enters the coronary simus close to the right
atrium (RA). A, anterior thoracic wall. This image
was acquived with a breath-holding three-dimen-
sional gradient echo sequence with an in-plane
resolution of 1.9 X 1.25 mm and a slice thickness

of 1.5 mm.#
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. RYOF

Figure 4. Localization of the right coronary artery (RCA). (4) Starting from a transveirse plane through
the proximal RCA, a slice through the right ventricle outflow track (RVOT) and right atrium (RA)
is selected (dashed line). (B) Imuge along the dashed line in (A) shovwing the proximal RCA (RCAT)
and distal RCA (RCA3) in the atrioventricular groove. From this plane the optimal angulation for
the middie of RCA is selected (dashed line). (C) Image along the middle segment of the RCA. RV,
right veniricle; LV, left ventricle; A, anterior thoracic wall. This image was acquived with a breath-
holding three-dimensional gradient echo sequence with an in-plane resolution of 1.9 X 1.25 mm and
a slice thickness of 1.5 wm.”

interventricular groove, is often visible. The
nuddle cardiac vein drains into the coronary
sinus, just before the coronary sinus drains
into the right atrium,

DOUBLE OBLIQUE (ANGULATED)
PLANES

The middle part of the RCA
The middle part of the RCA is reviewed in
an angulated view. To obtain the correct

angulation, a combined approach derived
from Manning et al.” and Duerinclkx" can
be used. In this method one starts by taking
a transverse plane through the proximal right
coronary artery {Figure 4a). Then a second
piane running through the RCA, right ven-
tricle, and right atrium is selected, showing
the proximal and distal RCA in the atri-
oventricular groove (Figure 4b). An image
planc along the atrioventricular groove is
then selected. The resulting image exhibits

Figure 5. Localization of the distal left anterior descending artery (LAD). (A) Starting from a trans-
verse plane through the middle of LAD, a plane along the interventricular groove is selected (dashed
line). (B) Image along the interventricular groove. The LAD runs over the Interventrictlar septum
and an aplintal orientation tangential to the anterior wall of the left ventricle (LV) can be selected
(dashed line). (C) Resulting image tangeniial 1o the LV showing the great cardiae vein (GCV), LAD,
and a short part of a diagonal branch (D)), RVOT, right ventricular outflow track; Ao, acrta; LM,
left main coronary artery; A, anterior thoracic wall. This image was acquired with a breath-hold-
ing three-dimensional gradient echo sequence with an in-plane resolution of 1.9 % 1.25 mm and a
stice thickness of 1.5 mm.”
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the middle part of the RCA and can also
show the proximal part of the RCA (Figure
4c). This plane is similar to the lefl anteri-
or oblique view of the RCA in convention-
al angiography. The PDA can not be per-
ceived because its course is in another plane
and wiil not be visible in this orientation.
Muttiple parallel slices are needed in order
to make sure that the eniire middle part of
the RCA is visualized.

The middle and distal parts of the
LAD coronary artery

Various orientations may be envisioned to
visualize the middle and distal portions of the
LAD coronary artery. An easy way is to start
with a transverse plane showing the proxi-
mal and middle parts (Figure 5a), Then a
plane along the LAD coronary artery (Figure
5b) is obtained. In this orientation it is dif-
ficull to distinguish between the GCV and
the LAD coronary artery and therefore this
view is not adequate. Instead, this projection
can be used to place another plane tangen-
tially to the anterior wall of the left ventri-
cie.” Here the mid-distal LAD coronary
artery is clearly visualized and can often be
distinguished from the vein (Figure 5¢).

The circumfiex coronary artery

The circumflex coronary artery is most dif-
ficult to visualize. This is because of its com-
plex course in several planes, making it
extremely difficult to obtain one overall
plane containing the circumflex coronary
artery. Another problem is that the circum-
flex coronary artery is often (in 60% of
cases)” crossed by the GCV or coronary
sinus, which obscures the underlying cir-
cumiflex coronary artery, In addition, the
marginal branches run in another imaging
plane than the proximal part of the circum-
flex. The proximal part can often be seen in
fransverse slices (Figure 6a). The middle part
of the circumflex coronary artery can be
visualized in an angulated plane through the
atrioventricular groove (Figure 6b). A planc
tangential to atrioventricular groove or lat-
eral wall will occasionally contain margin-
al branches (Figure 6¢).

The PDA

The PDA can not be seen in transverse
planes through the distal RCA (Figure 7a).
An image plane perpendicular to the atri-
aveniricular groove, and along the septum,
will show the direction of the interventric-

Figure 6. Localization of the middle segment of the circumflex coronary artery (CX). (A) In the trans-
verse plane a short part of the CX is seen. A plane through the left atrioventricular groove is seleci-
ed (dashed line). (B) Resulting image through the lefi atrioventricular groove. From this a plane
tangential to the lateral wall of the left ventricle (LV) is selected {dashed Iine). (C) Obtuse margin-
al branch (MO) of CX in plane along the coronary sinus. Ao, aorta; RVOT, right ventricular oui-
How tracl; LAD, leff anterior descending coronary arterv, P4, pulmonary artery; LA, left atrium,
A, anterior thoracic wall. This image was acquired willi a breath-holding three-dimensional gradi-
ent echo sequence with an in-plane resofution of 1.9 X 1.25 mm and a slice thickness of 1.5 mm."
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Figure 7. Localization of the posterior descending coronary artery (PDA). (A} Transverse plune at

the level of the distal portion of the vight coronary artery (RCA). A plane along the interventricular
groove is selected (dashed line). (B) Shice through the lefi ventricle (LV) along the interventricular
septum, showing the left anterior descending coronary artery (LAD) and the direction of the PDA,
A slice tangential to the inferior wall will show the PDA in plane (C). MCV, middle cardiac vein;
ICV inferior caval vein; RA, vight atvium, RV, right ventricle; A, anterior thoracic wall. This image
was acquired with a breath-holding three-dimensional gradient echo sequence with an in-plane res-
olution of 1.9 1.25 mm and a slice thickness of 1.5 mm.”

ular groove (Figure 7b). Selection of a plane
tangential to the posterior walls of the ven-
tricles and the interventricular groove can
show both the distal segment of the RCA and
a long part of the PDA (Figure 7c). Also the
middle cardiac vein, running parallel to the
PDA, is visible and can be distinguished
from the PDA by virtue of its drainage into
the coronary sinus (see also Figure 3).

DISCUSSION

The anatomically related imaging planes
described here for the left main coronary
artery and the proximal LAD coronary artery,
circumflex coronary artery and RCA until
the crux that are used to visualize the coro-
nary arteries with breath-holding two-dimen-
sional acquisition technigues have been
described by several authors.*” For two-
dimensional acquisition strategies, the angu-
lations are planned on previously acquired
two-dimensional slices, In this article addi-
tional imagig planes for the PDA and the
middle part of the circamflex coronary artery
have been described, The usefulness of these
orientations has been shown in a study
involving 10 healthy volunteers and 25
patients known to have coronary disease.”
The same imaging pianes can be used in the

evaluation of three-dimensional datasets by
reconstructing multipie parallel slices in
order to follow a torfuous coronary artery.™'s'”
Post et al.”® also showed the advantages of
user-defined imaging planes over standard
planes that were comparable to those used
in conventional coronary angiography. A
new application of the methodology o define
the optimal imaging plane for the various
coronary arleries was introduced by
Wiclopolski et al." The group used MPR of
a single breath-holding volume-localizer
scan for fast planning of targeted volume
scans long the coronary arteries. In this strat-
egy the anatomical landmarks reviewed in
this article were sufficient for obtaining the
desired orientations even when the coronary
arferies were not completely visible on the
volume-localizer scan. In another acquisition
strategy using magnetic-resonance-fluoro-
scopic selup' the user must have knowledge
of the anatomical landmarks described here,
in order to simplify the localization proce-
dure.

CONCLUSION

To visualize the left main coronary artery,
proximal LAD coronary artery, circumflex
coronary artery, and RCA, transverse or axial
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planes through the aortic root are sufficient.
The distal RCA can be located in more cau-
dai transverse slices, To visualize the mid-
distal LAD coronary artery, circumnflex
coronary artery, RCA and PDA, angulated
(oblique) slices are necessary. With the
method described in this article these angu-
lations can be obtained rapidly from planes
containing the atrioventricular or interven-
iricutar grooves. The method can be applied
in two-dimensional imaging strategies, in
three-dimensional targeted imaging, and
for the evaluation of results obtained with
three-dimensional technigues covering the
entire coronary tree.
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ABSTRACT

Magnetic resonance imaging of coronary arteries will visualize, besides the arteries, the
myocardium, blood in the cavities and cardiac veins. This will hamper the application of
projectional visualization techniques such as those used in conventional coronary angio-
graphy. Volume rendering, a different visualization technique, can be used to create a three-
dimensional impression of a magnetic resonance data set on a two-dimensional surface.
In this article, we will review the volume-rendering technique and anatomy of the coro-
nary arteries and veins in the obtained images. Also we will discuss the relation between
arterics and veins and the possible sites of confusion,
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INTRODUCTION

Coronary angiography is a very effective
imaging technique for displaying the coro-
nary anatomy. With selective injection of a
contrast agent, blood in the chambers and
coronary veins does not interfere with the
visualization of the coronary arteries, In addi-
tion, myocardium and other soft tissues are
hardly seen because of their low absorption
of X-rays. Coronary angiograms use pro-
Jjections performed in various orientations so
that the cardiologist can perceive the three-
dimensional anatomy of the coronary arter-
ies. This is quite different for imaging tech-
niques such as magnetic resonance imaging
{(MRI), In MRI the myocardinm and blood
in the cavities and coronary veins are pres-
ent and projectional techniques are of lim-
ited use, Overlap of structures that ohscure
coronary imaging can be avoided by multi-
planar reconstruction using thin slices in any
desired orientation, However, in that case
much of the three-dimensional information
is not used. In this article, we will give an
introduction to evaluation of three-dimen-
sional MRI data sets** with a volume-ren-
dering technique that creates a three-dimen-
sional impression on a two-dimensional
surface.” These images look much like the

gross anatomy of the heart. In this article we
will review the processing technique used
and the anatomy in relation to the course of
the coronary arteries,

IMAGE SEGMENTATION
Cross-sectional images from MRI also
include non-cardiac structures such as tho-
racic wall and spine. In three-dimensional
visualization these structures will obstruct the
visuazlization of the coronary arteries.
However, several computer-scgentation
techniques are available that allow removal
of undesired structures, so that only strue-
tures of interest, in our case the coronary
arteries, can be further analysed (Figure 1).*
So far, these techniques are extremely time-
consuming because, although they are com-
puterized, they require intensive interaction
with an investigator, so that it takes about 45
min to perform segmentation of 60 slices.

THREE-DIMENSIONAL REPRESEN-
TATION USING VOLUME RENDERING
Several means of processing to evaiualc a
three-dimensional data set in a two-dimen-
stonal display are available.® Volume ren-
dering is often used nowadays. In volume
rendering, all the image pixels of a three-

Figure 1. Image segmentation has to be performed before volume rendering can take place. The mag-
netic resonance images are obfained with a respiratory-gated three-dimensional gradient echo tech-
nique. Resolution 1.9 mm x 1.25 mm X 2 mm. (A} On all slices of a data set contours are drawn fo
select the desired strictures. (B) From these contours a subvolume is ereated automatically. (C) The
structures that are not selected are removed, so that the coronary arteries can be analysed without

obstruction.
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Figure 2. (A} Anciomical view of the left coronary artery (reproduced with permission fiont McAlpine.”
The auricie of the left atrium (I.A.A.) overlapping the circumflex coronary artery is removed. The
left main (LM) artery divides beneath the LA.A. in the left anterior descending (LAD) and circum-
flex (CX) coronary arteries. From the LAD artery diagonal branches (D) arise. The margo obtusus
(MO) arises fiom the CX arterv. (B} A comparable non-invasive coronary angfogram with respira-
tory-gated three-dimensional magnetic resonance imaging, Technigue same as in Figure 1. Ao, aorfa;
PT, pulmonary trunk; LA, left atrium, after removal of the auricle; LV, left veniricle; RVOT, right

ventricular outflow frack.

dimensional data set are used to create a two-
dimensional image. A certain opacily is
assigned to every pixel, on the basis of its
valuc in the data set. A projection method will
transverse all the pixels from back to front and
display them on the screen.®” This lechnique

allows one to visualize the three-dimension-
al data set from various angles so that anatom-
ic details can be displayed from an optimal
direction. A drawback of volume rendering
was the prohzbitively long computation time;
however, with current hardware, interactive

Figure 3. (A) Magnetic resonance imaging, trifircation of the left main artery into left anterior
descending (LAD), civcumflex (CX) and intermediate (MI) arteries. Technigue same as in Figure 1.
(B} A conventional coronary angiogram of the same patient. Ao, aorta; LA, left atrium.
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- i
Fignre 4. (A) Magnetic resonance imaging, right anterior view. Right coronary artery (RCA) in right
atrioventricular groove between the right atrium (RA} and right ventrieular outflow track (RVOT).
Right ventricular branch, curved arrow. Technigue same as in Figure 1. (B) A conventional coro-
nary angiogram of the sane patient. Ao, Aorta.

three-dimensional volume rendering can be  left posterior aortic sinus, Its length is vari-

performed at an acceptable speed.* able, but usually 1-2 cm.” In a small pro-
portion of cases the left main coronary artery
CORONARY ARTERY ANATOMY is very short and biturcates almost immedi-

The left main coronary artery arises from the  ately. In 0.41% of the cases the left main

Figure 5. Distal right coronary artery (RCA), diaphragmatic view, (4) Magnetic iresonance imag-
ing, At the crux the RCA divides into the postero-descending artery (PDA) and postero-lateral (PL)
branch over the inferior wall of the left ventricle (LV). Technigue sumre as in Figure 1. RY, right ven-
fricle; RA, right atriym. (B) Anatomical view. (Reproduced with permission from the Medical
Hiustration Library, Williams & Wilkins, Baltimore.)
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coronary is not developed and there are two
orifices in the left coronary sinus.'” In two
thirds of the subjects the main left coronary
artery divides, beneath the left atrial appen-
dix, into the left anterior descending (LAD)
and the circumflex arteries (Figure 2)." The
LAD artery passes to the left of the pul-
monary trunk and turns forwards to run
downwards in the anterior interventricular
groove. The LAD artery provides two main
groups of branches. First, the septal branch-
es which supply the anterior two thirds of the

septum and second the diagonal branches,
which lic on the fateral aspect of the left ven-
tricle. The circumflex artery turns backwards
shortly beyond its origin to run downwards
in the [eft arterioventricular groove. It too,
gives rise to a variable number of branches,
which lie on the lateral aspect of the left ven-
tricle (the marginal branches). In the atri-
oventricular groove the circumflex artery is
often covered by the auricle of the left atri-
um, which obstructs visualization and there-
fore has to be removed from the data set. In

Figure 6, Left coronary artery dominance. Posterior descending artery (PDA) and postero-tateral
{PL) branch originate from the circumflex (CX} coronary artery. In (4) and (C) the images are obtained
by conventional coronary angiography. (B) Magnetic resonance imaging, left posterior view. Coronary
sinus covers CX artery. (D) Magnetic resonance imaging, right anterior view: In left coronary arteiy
dominance there is only a small right coronary artery (RCA). Technique same as in Figure 1. Ao,
Aorta; RVOT, right ventricular outflow track.
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one-third of the subjects the left main coro-
nary artery trifurcates into the aforemen-
tioned branches and an intermediate artery,
which follows a course between the cir-
cumflex and LAD arteries over the antero-
lateral wall of the left ventricle (Figure 3)."
The right coronary artery (RCA) arises from
the anterior aortic sinus, passes forwards and
then downwards in the right atrioventricu-
lar groove (Figure 4) and continues around
the margin of the heart towards the crux, a
point below where the atrioventricular
groove and the posterior interventricular
groove meet. In the majority (80%) of indi-
viduals the RCA continues forwards from the
crux along the posterior interventricular
groove to become the posterior descending
artery (PDA), running to the apex of the heart
(Figure 5). This is by convention called RCA
dominance.” Septal branches supplying the
posterior third of the septum arise from the
PDA. The postero-lateral branch supplying
the postero-inferior aspect of the left ven-
tricle also arises from the RCA close to the
crux. Lelt coronary dominance exists when
the PDA arises from the circumflex artery
(Figure 6).

CORONARY VENOUS ANATOMY

There are two major systems of epicardial
cardiac veins: tributaries of the coronary
sinus and anterior cardiac veins (Figure 7).
In principle the veins run parailel to the arter-
ies. The great cardiac vein (GCV), recetv-
ing bleod from the anterior two thirds of the
septum, runs parallel to the LAD arlery in
the antetior interventricular groove. At the
origin of the LAD artery the GCV turns into
the left atrioventricular groove, running par-
allel to the circumtlex artery, where it drains
into the coronary sinus. The anatomical tran-
sition of the GCV into the coronary sinus is
at the site of entrance of the oblique vein of
the left atrium.* The coronary sinus contin-
ues paraliel to the circumflex artery and
drains into the right atrtum. The ostium of
the coronary sinus in the right atrium is most
frequently covered by a thick valve (the
valve of the coronary sinus or Thebesian
valve).”

The middle cardiac vein (MCV), receiving
bleod from the posterior third of the septum,
runs paralicl to the PDA and enters the coro-
nary sinus in §7% of the cases.” In only 36%
of the cases is there a small cardiac vein,

Coronary
sinus

Figure 7. Coronary veins. (A) Anatomical view. Tivo cardiac venous systems. anlerior veins (ACV)

and tributaries of the coronary sinus [great cardiac vein (GCV), middle cordiac vein (MCV) and
small cardiac vein (SCV)]. (B) Conventional coronary angiography, venous phase,
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draining the blood of the right ventricle into
the coronary sinus.”

The other epicardial venous system, that of
the anterior veins, drains the blood from the
right ventricular wall into the right atrium via
atrial sinuses.” Sometimes this so-called
'sinus coronarius atrii dextri' is quite large™
and can be confused with the RCA in MRL
RELATION ARTERIES
AND VEINS

BETWEEN

LCA and GCV

The GCV 1s the longest venous vessel of
the heart. The vein originates at the ante-
rior interventricular groove, near the apex
of the heart, and it empties into the coro-
nary sinus. In the lower and the middle parts
of the interventricular groove the GCV runs
most often to the right of its related
artery." The GCV crosses over the LAD
artery and all of it branches in 49% of the
cascs (Figure 8). On reaching the atri-
oventricular groove the GCV crosses the
LAD and circumflex arteries forming the

base of the triangle of Brocq and Mouchet.
The distance from the GCV of the lett main
coronary attery is variabice (0-7 mm)* and
sometimes the GCV touches the left main
corotary artery and turns with a very sharp
angle to the left atrioventricular groove,
crossing under the branches of the left main
corenary artery (Figure 9). The circumflex
artery is covered by the GCV in 60% of the
cascs so thaf the underlying anatotny of cir-
cumflex artery is obscured or inadequate-
ly visualized.

RCA and coronary sinus

At the crux of the heart the RCA is, with very
rarc exceptions, inferior to the coronary
sinus. The middle cardiac vein crosses over
the postero-lateral branch of the RCA and
stays left of the PDA when running in ihe
posterior interventricular groove (Figure 10).
In cases of left circumflex artery dominance,
veins draining blood from the inferior wall
of the left ventricle cross over the artery
before entering the coronary sinus.

Figure 8. The greai cardiac vein (GCV) turns from the anterior interventricular groove into the atri-
oventricular gioove, crossing all the branches of the left coronary artery and forming the triangle
of Brocy and Mouchet together with the leff anterior descending (LAD) and circumflex (CX) coro-
nary arteries. (A) Magnefic resonance fmaging, the view at the CX artery is obstructed by the GCV.
Technigue same as in Figure 1. (B) Comparative anatomical view (reproduced with permission from
the Medical lllusiration Library, Williams & Wilkins, Baltimore). LM, left main artery; RCA, right

corenary arfery; ACY, anterior cardiac veins.
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Figure 9. Great cardiac vein (GCV) crossing
under the circumflex coronary artery (CX) with
no impairment of one's view of the artery. LAD,
left anterior descending artery; LM, left main
arteiy. Techmique same as in Figure {.

CONCLUSION

Three-dimensional data sets from non-inva-
sive three-dimensional coronary imaging
techniques such as MRI are displayed with
a volume-rendering technique. This provides
images of the coronary arteries and veins
much like their real anatomy,” which are not
always familiar to the practicing cardiologist.
Knowledge of the course of the epicardial
coronary arteries and veins is required for
accurate analysis.
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ABSTRACT

Background:

Magnetic resonance coronary angiography is challenging because of the motion of the ves-
sels during cardiac contraction and respiration. Additional challenges are the small cali-
bre of the arteries and their complex three dimensional course. Respiratory gating, turbo-
flash acquisition, and volume rendering techniques may meet the necessary requirements
for appropriate visualisation.

Objective:

To determine the diagnostic accuracy of respiratory gated magnetic resonance imaging {(MRI)
for the detection of significant coronary artery stenoses evaluated with three dimensional
postprocessing software.

Methods:

Thirty-two patients referred for elective coronary angiography were studied with a retro-
speclive respiratory gated three dimensional gradient echo MRI technique. Resolution was
1.9 1.25 x 2 mm. Afler manual segmentation three dimensional evaluation was performed
with a volume rendering technique.

Results:

Overall 74% (range 50% to 90%) of the proximal and mid coronary astery segments were
visualised with an tmage quality suitable for further analysis. Sensitivity and specificity
for the detection of significant stenoses were 50% and 91%, respectively.

Conclusions:

Volume rendering of respiratory gated MRI techniques allows adequate visualisation of
the coronary arteries in patients with a regular breathing pattern. Significant lesions in the
major coronary artery branches can be identified with a moderate sensitivity and a high
specificity.
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INTRODUCTION

Magnetic resonance imaging (MRI) is a truly
non-invasive technique which is not associ-
ated with radiation and is nowadays avail-
able for clinical use. MRI of the coronary
arteries is, however, a challenging task owing
to motion of the vessels during cardiac con-
traction and respiration, the complexity of the
anatomy in three dimensions, the small cal-
ibre of the vessels, and the fact that the ves-
sels are ernbedded in fat which produces a
competing signal.

Coronary artery motion during cardiac con-
traction is successfully mimimised by ECG
triggering, with data collection over 100 to
150 ms during mid to late diastole. Reduction
of respiratory motion is achieved with
breath holding or with respiratory gated tech-
niques. The complex course of the coronary
anatomy can be evaluated with two dimen-
sional (2D} or preferably three dimensional
(3D} acquisition techniques.

MRI of the coronary arteries (MRCA} was
first performed in 1993 with a single slice
breathhold techrique (ZD-MRCA)'Z Al-
though initial results seemed encouraging,
the use of 2D-MRCA is limited by its com-
plex setup for image orientation and its
dependency on consistent breath holding.**
The use of a respiratory gated technique
{navigator} for MRCA® was introduced later
as another possibility to reduce respiratory
blur. Without restrictions in imaging time
imposed by the patient’s breathhold limits,
longer imaging sequences can be used. This
allows the complex coronary artery anato-
my to be studied with a three dimensional
technique (3D-MRCA),

Evaluation of a 3D-MRCA dataset can be
performed with multiplanar reformatting
techniques,™ producing slices in any desired
planc through the volume. However, this
technigue is limited becausc it does not use
all the information present in a three dimen-
sional dataset. This can be overcome by
using the volume rendering technigue'

present in special three dimensional viewing
software, which uses all the information in
a three dimensional dataset.

In this study we determined the diagnostic
accuracy of respiratory gated 3D-MRCA for
the detection of coronary artery stenoses
evaluated with a volume rendering tech-
nique.

METHODS

Patients

The study population consisted of 32 patients
{20 men, 12 women; age 32 to 73 years) who
were referred for elective coronary angiog-
raphy. Exclusion criteria were previous
coronary bypass operation, intracoronaty
stent implantation, artificial pacemaker,
intracranial clips, claustrophobia, and non-
sinus rhythm. The protocol was approved by
our hospital comumnittee on medical ethics and
clinical investigation.

Magnetic resonance imaging

Subjects were studied in a supine position,
with a four channel quadrature body phased
array coil placed over the thorax,ina 1.5T
whole body magnetic resonance imaging
systern  (Vision; Siemens, Erlangen,
Germany). Coronary attery imaging was per-
formed using a standard Siemens three
dimensional gradient echo sequence with ret-
rospective respiratory gated technique
described by Li et al. A chemical shift fat
suppression pulse was used to suppress the
signal from the epicardial fat sur-rounding
the coronary arteries. In our setup we used
three slabs of 32 mm thickness with a 25%
overlap; section thickness was 2 mm. The
matrix size was 128 % 256 with a rectangu-
lar field of view of 240 x 320 mum, result-
ing i an inplane resolution of 1.9 x 1.25
mm. The time of repetition (TR) was 7.4 ms,
the time of echo (TE) was 2.7 ms, and the
flip angle varied from 20° to 90°. The acqui-
sition window {128 ms) was set for mid to
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late diastole. Each slab was acquired in eight
to 12 minates, depending on the heart rate.
Retrospective respiratory gating was per-
formed by a navigator echo created with two
excitation bands placed to intersect at the
dome of the right hemidiaphragm (Figure 1).
Together, these two bands measure the
diaphragmatic position before data acquisi-
tion. The most common position of the
diaphragm is determined and chosen as the
gating cenire. Comumonly this is end expi-
ration. Each line of data was acquired five
times fo ensure complete sampling of the res-
piratory cxcursion. Data within a range of &
I mm from the gating centre are used for
mage reconstruction. If no acquisitions of
a certain data line are within the acceptance
range, the acquisition obtained at the
diaphragm displacements closest to the gat-
ing centre arc used at image reconstruction.
The total examination time for MR{ of each
subject, including positioning of the patient,
scout imaging, and setting up the navigator,
was approximately one hour.

CONVENTIONAL CORONARY
ANGIOGRAPHY

All subjects underwent standard sclective
coronary artery angiography within one
month of the magnetic resonance examina-
tion, Angiography was performed using the
Judkins  technique.! The selective
angiograms were jointly interpreted by two

1
4
it
3]

Figure 1. Retrospective respiratory gated

experienced cardiofogists not familiar with
the MRI results. The coronary tree was divid-
cd into proximal and mid segments accord-
ing to AHA guidelines.” Thesc segments
were graded as either no significant disease
(< 50% diameter stenosis) or significant dis-
ease (> 50% diameter stenosis). In case of
disagreement a final decision was made by
a third cardiologist.

INTERPRETATION OF MAGNETIC
RESONANCE CORCNARY
ANGIOGRAMS

The magnetic resonance datasets were trans-
ferred to a stand alone workstation (Magic-
View; Siemens, Erlangen, Germany). By
manual segmentation, the chest wall, lung
vessels, and overlapping parts of the left and
right auricle were removed from the dataset.
Manual segmentation required 20 to 30 min-
utes for 60 slices. After image segmentation
the datasets were transferred to a dedicated
graphic workstation (Indigo2; Silicon
Graphics, Mountain View, California, USA)
for three dimensional evaluation with a vol-
ume rendering technique’™'® using commer-
cially available software (VoxelView; Vilal
Images [nc, Minneapolis, Minnesota, TISA}).
In the volume rendering technique, all
wmnage pixels arc integrated to project a three
dimensional data-set as a single image. For
this a certain opacity is assigned to each
pixel, based on its value in the dataset. A pro-

magnetic resonance imdaging of the coronary arteries.

{4) Respiratory motion is determined by two excitation bands that intersected at the dome of the
right hemidiaphragm. (B) Respiration pattern during 30 seconds. The diaphragm position is deter-
mined for each acquisition window. Retrospectively only data from end expiration are selected for

image reconstruction.
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jeetion method will pass through all the pix-
els from back to front and calculates a value
to display on the screen. The opacity for cer-
tain structures will improve the three dimen-
sional impression of the image. The datasets
can be rotated in every direction for optimal
visualisation of the major coronary artery
branches (Figure 2). The three dimensional
reconstructions together with the original
axial slices were reviewed independently by
a radiologist and a cardiologist. The left main
coronary artery, proximal and mid right coro-
nary artery, left anterior descending coronary
artery, and circumflex artery were graded ag
assessable, non-assessable, or outside the
acquired volume. The assessable segments
were graded as either no significant or sig-
nificant disease. In case of disagreement a
third investigator made a final decision.

Statistics

A selective coronary angiogram served as the
gold standard for determining the diagnos-
tic value of the non-invasive coronary
angiogram. The diagnostic accuracy of
magnetic resonance coronary angiography

Figure 2. Volume rendering of a
palient  without  significant
stenoses. (A) Cranial view of the
left anterior descending coronary
artery (LAD). The great cardiac
vein (GCF) overlaps intermediate
branches (RI), which hampers
evaluation of this segment. (B}
Corresponding conventional selec-
five coronary angiogram. (C)
Rotation to right cranial view for
proximal righi coronary artery
(RCAp) between right ventricular
outflow tract (RVOT} and right
atritm (RA). The right auricle is
manually removed from the data.
(D) Rotation (o right caudal view
| for distal right coronary artery
(RCAd) and origin of posterior
descending artery (PDA). Ao,
aorta; LA, left atrium.

for detecting significant stenoses in a seg-
ment is expressed as sensitivity, specificity,
and positive and negative predictive value.
The diagnostic value for the presence of sig-
nificant coronary artery diseasc was also cal-
culated on a per patient basis.

RESULTS

Of the 32 studies, three were not complet-
ed owing to ECG triggering problems,
technical failure, or unknown claustropho-
bia. The mean interval between the exami-

Table 1 Assessability of different coronary
artery scgments by magnetic resonance
coronary angiography

MRI
RCA-proximal part 93%
RCA-middle part 76%
LM 87%
LAD-proximal part 90%
LAD-middle part 76%
LCx-proximal part 76%
LCx-middle part 28%

LAD, left anterior descending coronary artery,
LCx, lefteircumflex coranary artery; LM, left main

coronary artery; RCA, right coronary artery.
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Figure 3. (A) Magnetic resonance imaging. Detailed view on the right coronary artery in the alri-
oveniricutar groove between the right veniricle (RV) and abvivin (RA). The arrows indicate stenoses
in the proximal and nid segment. (B) Corresponding comventional coronary angiogran.

nations was 15 days. Overall 151 (74%) of
the 203 coronary artery segments were
assessable by MRCA, ranging from 97% for
the feft main coronary artery to 28% for the
mid-circumflex coronary artery (table 1). In
these segments 26 significant lesions were
present (left main and left anterior descend-
ing, [1; right coronary, 11; circumflex, 4).
An example of two consecutive stenoses in
the right coronary artery is shown in Figure
3; an example of a stenosis in the left ante-
rior descending coronary artery is shown in
Figure 4. The sensitivity and specificity for
the detection of a stenosis in a segment were
50% and 91%, respectively. The diagnostic
accuracy for the individual vessels is sum-
marised in table 2. The sensitivity for selec-
tion of patients with any significant disease
was 76%, with a specificity of 73%.

DISCUSSION

In this study we used a standard technique
available on a modern magnetic resonance
scanmer. The usc of a single navigator sig-
nal from the diaphragm increases the image
quality of MRCA.' The results reported by
other investigators using this technique for
the detection of coronary artery stenosis dif-
fer widely, ranging from (nadequate to rea-
sonably accurate.*""* Here we showed high
specificity but only moderate sensitivity,
owing to insufficient image quality. The
major reason for poor image qualify is resid-
ual respiratory blur originating from irreg-
ular respiration patterns,” with data acqui-
sition outside the desired gating window."™™
In general only 25-30% of the data arc
acquired within the gating window. False
negative MRCA interpretations are caused

Table 2. Diagnostic accuracy for the detection of significant coronary artery stenosis by

magnctic resonance coronary angiography

Total LM+LAD 1CX RCA Patient
Sensitivity 50% 55% 50% 45% T6%
Specificity 91% 92% 95% 87% 3%
PPV 54% 55% 67% 50% 81%
NPV 0% 92% 91% 85% 67%

LAD, left anterior descending coranary artery, LCX, left circumflex coronary artery; LM, lefi main
coronary artery; NPV, negative predictive value; PPV, positive predictive vafue; RCA, right coro-

nary aréery.
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Figure 4. Example of a significant stenosis {arrow head) in the left anterior descending coronary

artery (LAD). (4) Conventional coronary angiogram. (B) Magnetic resonance imaging. Ao, aorta;
LM left main; LV, lefi ventricle; RVOT, right ventricular outflow tract.

by retrograde flow distal to complete occlu-
stons and volume averaging of vessels with
adjacent structures,” or by the inability to
distinguish coronary arteries from veins.’
False positive interpretations arise from the
low contrast between the coronary arteries
and their swrounding tissue, motion arte-
facts,” or errors during manual segmentation,
A negative test result from a test with a sen-
sitivity of only 50% unfortunately does not
rule out the undetected presence of signifi-
cant coronary artery disease. This will limit
the use of this technique as a clinical screen-
ing method. This may be even more prob-
lematic in a group of patients with a lower
prevalence of disease, compared with our
paticnts who were referred for elective coro-
nary angiography.

Improvement in image quality of respirato-
ry gated MRCA will reduce false interpre-
tations. This can be achieved by correlating
image position with respiratory motion.? The
acquisition volume is shifted caudally over
a certain distance during inspiration so that
the percentage of data within the gating win-
dow increases. The shifted distance is dif-
ferent for each coronary artery and has to be
determined for every patient individually. So
far clinical applicability has not been report-

ed. Alternatively MRCA can be performed
with new breath holding techniques, such as
volume coronary angiography using target-
ed scans (VCATS), that acquire targeted vol-
umes along the coronary arteries.”
Respiratory blur is minimised, and acquisi-
tion time is reduced to less than 30 minutes.
The use of bohis injections of contrast agents,
given over a 20 second period, has dramat-
1cally improved magnetic resonance angiog-
raphy of peripheral arteries.” Gadolinium-
DTPA, the contrast agent most often used,
diffuses rapidly extravascularly and it is
therefore not possible to maintain a high
intracoronary concentration during 30 to 40
minutes after intravenous injection.
Intravascular magnetic resonance conirast
agents may be an alternative. Both respira-
tory gated and breath hold techniques are
expected to benefit from intravascular con-
trast agents.” The resulting increase of con-
trast to noise ratio will improve visualisation
of the corenary arteries and allow the use of
high resclution techniques. Unfortunately
intravascular contrast agents are presently in
a preclinicai phase and registration may still
take several years.

Volume rendering as a technique for evalu-
ation of three dimensional datasets on a two
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dimensional surface has proved valuable in
magnetic resonance and computed tomo-
graphic angiography of both central and
peripheral arteries.®* Recently the same
technique has been introduced in the evalu-
ation of efectron beam tomography.® Its main
advantage is the nearly anatomical images
produced, with the possibility of viewing the
data from different angles to obtain optimal
orientation for individual coronary arteries.
The high computational power necessary for
this technique has limited its use hitherto but
with the present commercially available
hardware and software volume rendering can
now be performed with reasonable speed.

CONCIL.USIONS

Respiratory gated MRCA is 2 fechnique with
an uncomplicated setup that can be per-
formed in a clinical setting, At this stage of
development image quality is sufficient in
only 70% of patients. In patients with a reg-
ular breathing pattern significant lesions in
the major coronary artery branches can be
identified with moderate sensitivity and high
specificity. Volume rendering of respiratory
MRCA creates highly interpretable tmages,
but improvements in the magnetic resonance
technique are necessary before it becomes a
clinically reliable tool.
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ABSTRACT

Purpose:
To iliustrate a new concept for fast coronary artery screening with breath-hold volume tar-
geted magnetic resonance {MR) imaging,

Materials and Methods:

Ten volunteers and 25 patients were imaged at a field siwength of 1.5 T with an MR sys-
tem with phased-array-coil reception and capable of echo-planar imaging. End-expiration
breath-hold volume localization of the entire heart was performed with three-dimension-
al (3D) multishot segmented echo-planar imaging in 16-22 heartbeats, Interaction with a
multiplanar reformation platform provided the optimal double-oblique volumes necessary
to target scven coronary segments. Bach segment was evaluated with 24-mm-thick vol-
umes and breath holds at end expiration and magnetization transfer-enhanced 3D turbo
fast low-angle shot imaging in 21 heartbeats. An intravascular contrast agent was used on
eight patients to improve the blood-myocardium contrast for the heart volume localizer
acquisitions.

Results:

The entire corenary tree was consistently covered in fewer than 13 breath holds. The scheme
was successful in all volunteers and 22 patients who could achieve adequate breath hold.
With end-expiration acquisitions, the prescribed 24-mm-thick volumes were reproducible
for all coronary segments in all cooperative subjects,

Conclusion:

Despite its status as the indisputable standard of reference for the detection of coronary
artery disease, conventional coronary angiography remains costly and highly invasive, with
associated risks of major complications, including stroke and death. Breath-hold volume
targeted acquisitions permit rapid focalization and coverage of the entire coronary tree with
adequate resolution for evaluating the coronary arteries.
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INTRODUCTION

Direct visualization of the coronary arterics
has been attempted with contrast material-
enhanced two-dimensional {(2D) echocar-
diography.! Drawbacks still remain in that
only the proximal coronary segments may be
occasionally observed and considerable
chest wall interference and intervening pul-
monary parenchyma may hinder visualiza-
tion. Trans-csophageal 2D echocardiography
has been explored with encouraging initial
results for the detection of left main coro-
nary artery stenoses.” Nonetheless, relative
invasiveness of the technique, the low fre-
guency of lefl main coronary stenosis, and
the inability of the technique to reveal dis-
taf portions of the coronary tree limit its clin-
ical utility.

Breath-hold contrast-enhanced clectron-
beam computed tomography has proven suc-
cessful for imaging the proximal portion of
the coronary tree.* Although completely
noninvasive, it exposes the patient to ioniz-
ing radiation and requires the use of iodi-
nated contrast material, which occasionally
causes severe allergic reactions. With excel-
lent soft-tissue contrast and double-oblique
tomographic section capability, magnetic res-
onance (MR) imaging appears to be a prom-
ising imaging technique in this regard.
Both cardiac anatomy*® and physiclogy™?
can be assessed in a single comprehensive
session. However, the sensitivity of MR
imaging to motion has always posed a major
challenge for imaging the beating heart.
Blurring and ghosting induced by respiratory
motion are among the many problems that
have hampered reliable MR image quality in
cardiac examinations, especially for screen-
ing the small coronary arteries.

In the past few years, faster cardiac MR
imaging techniques have been infroduced
that provide considerable time savings,
flexibility, and motion artifact reduction
without a significant compromise i image
quality. With the introduction of the turbo

fast [ow-angle shot (Turbo-FLASH;
Siemens, Erlangen, Germany) sequence,’®
several scetions could be encoded in a sin-
gle breath hold with subsecond (300-700 ms)
acquisition windows using magnetization
preparation pulses and short repetition {imes
(TRs). Nevertheless, to keep blurring with-
in acceptable limits, the number of k-space
lines collected had to be reduced to produce
shorter acquisition windows (<150 ms).
Enhanced temporal and spatial resolution
was then obtained with the segmented
TurboFLASH technique, which distributed
the acquisition over multiple cardiac cycles."
This approach was initially investigated for
screening of the coronary arteries, with
encouraging resulis,” and has remained the
MR imaging reference standard for the eval-
nation of more recent coronary MR angiog-
raphy techniques.”

State-of-the-art gradient hardware has
become widely available in new commercial
MR units, providing stronger imaging gra-
dients (>20 mT/m) and enhanced rise times
{slew rates >80 mT/m/msec). Additionally,
phased-array coil technology can deliver a
higher signal-to-noise ratio {(SNR) over a
wide field of view (FOVs). These together
have made it practical to reduce TR for
TurboFLASH readouts, effectively increas-
ing the number of k-space lines collected per
unit time and thereby providing faster
acquisitions, higher spatial resolution, and
more reliability for breath-hold cardiac
examinations. High-performance gradient
systems have also made it possible {o per-
form three-dimensional (3D) volumetric
imaging of the heart with segmented echo-
planar techniques.

Single-breath-hold volumetric imaging of the
heart with isotropic resolution has been intro-
duced recently.""” The inspection of such
volume data sets by means of multiplanar
reformation (MPR) can yield information on
the optimal-double oblique volume orienta-
tion for further investigation of the entire
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MPR

Orien tat:on Prescnptroh'

SmaH Volume S 'an“j' _
High Resolution along -
the coronaries {VCA 1S):1 3

3D TurboFLASH

Figure 1. Acquisition steps. The first step
imvolves the acquisition of a scout volumetric data
sef during endexpiration using 3D multi-shot seg-
mented echo-planar imaging (MSEP]). The vol-
ume data are subsequently evaluated within a
MPR plaiform to interactively compute the opli-
mal orientation for imaging of the coronary arter-
ies with an end-expiration breath-hold 3D seg-
mented TurboFLASH sequence (VCATS). MPR
evaluation and imaging with the 3D segmented
TurboFLASH seqiience is performed interactively
until all necessary orentations covering all major
coronary segments are interrogated.

coronary anatomy with smaller tarpeted vol-
umes. In the present study, we explore this
possibility and take advantage of the high-
performance gradient hardware available for
obtaining the highest in-plane resolution and
volume coverage possible within a com-
fortable breath hold, We lable this approach
volume coronary angiography using target-
ed scans (VCATS), with the primary goal to
cover the coronary anatomy in a few breath
holds and to avoid the section misregistra-
tion problemns during review that are pres-
ent with breath-hold single-section 2D sin-
gle-slice coronary MR angiography.'s"

MATERIALS AND METHODS

Subjects

Ten healthy young adult volunteers {eight
men, two women; age range, 22-47 years;
mean, 3{.6 years) were initially evaluated to
tune the measurement protocol. In addition,

25 patients with known coronary artery dis-
ease (20 men, five women; age range, 43-
73 years; mean, 57.7 years) were included
to study the proposed methodology it a clin-
ical setting. Only 13 patients underwent con-
ventional coronary angiography within 1
meonth that would be suitable for compari-
son. In cight patients, superparamagnetic iron
oxide particles (AMI 25; Laboratoire
Guerbet, Aulnay-sous-bois, France) were
administered to study the possible contrast
enhancement between blood and myocardi-
um. A suspension containing 89.6 mg of iron
(11,2 mg/ml iron) diluted in 100 ml of iso-
tonic glucose solution was infused intra-
venously through a filter in 30 minutes.
Imaging was performed within 1 hour of
contrast material administration. The proto-
col was approved by the Hospital Committee
on Clinical Investigation, and informed
consent was obtained from all participants.

Acquisition procedures

Coronary screening is performed with two
3D MR pulse sequences with two clearly
detined objectives: localization and target-
ing. A volume localizer sequence is used to
image the entire heart volume to provide the
necessary input data for targeted imaging of
the coronaries (VCATS). The diagram of
Figure 1 illustrates the logic followed dur-
ing each imaging session.

The procedure for the localization and eval-
uation of all coronary segments is summa-
rized in the foliowing steps:

1. A single end-expiration breath-hold 3D
localizer sequence is used to cover the entire
heart.

2. The heart volume localizer data are loaded
into the MPR platform and evaluated with
focus on one coronary segment at a time.,
3. The optimal double-oblique piane and slab
position containing the coronary segment of
interest is recorded.

4. Slab position and double-oblique plane
orientation are used for the end-expiration
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Table. Additional planes could be included,
Table. Coronary  Segmenis  Rouotine]  with use of orthogonal orientations to the
Evaluated Volume standard defined views-for example, a plane

No.* Coronary segment evaluated containing the RCA along the atrioventric-
I Plane along left main artery, proximal| ular groove and tangential to the heart wall,
LCX, and proximal LAD (transverse) | or the distal portion of the LCX, tangential

2 Plane of proximal RCA (transverse) to the posterclateral wall of the heart.
3 Plane along distai RCA and PDA
{obligue) Coronary plane selection for VCATS
4 Plane through aortic root and proximal]  When using an axial heart volume localiz-
RCA and leftmain (oblique) er sequence, the transverse sections recon-
5 Plane along LCX (obligue} structed already identify the levels at which
6 Plane along distal LAD {obligue) the proximal RCA, left main, LCX, LAD
7 Plane along middle portion of RCA| and, occasionally the distal portion of the
(oblique) RCA should be interrogated with VCATS.

Note.-LAD = Left anterior descending arterv, LX) To obtain the slab position and plane orien-
= Left circumflex artery, RCA =Right coro- - tation information containing the coronary
nary artery, PDA = Posterior descending ..

segments of interest, MPRs are performed

*The (:g:';ijg;j)segmen.fs were acquired in the same),  on the heart volumne localizer data in the

order as indicated by the volume number. same order as illustrated in the table. The

logic behind the MPR platform described is

breath-hold VCATS. based on that of the package delivered as part

3. The process is repeated (steps 2-4} until  of the Siemens Magnetom imager (Numaris

all coronary segments are evaluated. 3 software level). A short description of this
MPR platform follows.

Coronary segments evaluated The MPR platform in double-oblique mode

The coronary segments that were studied uses three displays {output quadrants or Qs).
during all evaluations are summarized in the  Quadrants Qf and Q2 are used for double-

Figure 2. Heart volume localizer images as seen on the MPR platform. The images show (A} trans-
verse, (B) sagittal, and (C) coronal reformations on display quadrants Q1, 02, and (3, respective-
ly. The solid and dashed cursor lines in QI and Q2 are used to controf the orientation and position
of the image in Q3. Dashed cursor DC{ produces the imaging plane of Q2. Solid cursors SCI and
SCZ determine the flt seen in Q3. Cursors SCI and DCI are coupled to each other as they rotate
and translate. Cursors SC2 has complete freedom of movement, aind dashed cursor DC2 moves only
Jrom top lo bottom to change ihe section position in Q1. The data was acquired in 16 heartheats by
using a 64h x 256 mawvix (where h denotes partial Fourier encoding), FOV of 170 X 340 mm, and
O 1.25 mm-thick sections. An intravasewlar contrast agent was adniinistered lo enhance the myocardi-
um-blood contrast-to-noise rafio. Ao = aorta, LV = lefi ventricle, RVOT = right ventricular ouifiow track.
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Fignre 3. Locations of tnterest in the transverse sections of the volume localizer uequisition aie the

(4) left main (LM) and LCX (Ao = aorta), (B) LAD, and (C) RCA. 3 = display quadrant 3.

oblique localization. Quadrant Q3 displays
the resulting image from which plane ori-
entation and slab shift are recorded for
VCATS. Plane manipulation cugsors in (31
and (32 permit the double-eblique tilt of Q3.
Figure 2 depicts the starting point of the
MPR evaluation, showing the extent of the
heart volume covered. Both solid cursors
available in Q1 and Q2 (SCI1 and SC2,
respectively) Lilt the reconstructed plane in
Q3. A plane along the dashed cursor in Q1
(DC1) appears in Q2. The dashed cursor in
)2 {DC2) controls the section position of the
image displayed in Q1. The resullant image
plane in Q3 is perpendicular to those defined
by cursors SC1 and SC2.

Positioning of the cursors in Q1 and Q2 is
described for each coronary segment. ki is
assumed that for all segments, an axial scc-

tion 1s always displayed in Q1.

Volumes 1 and 2: Plane for left main,
proximal LAD, proximal LCX and prox-
imal RCA.

A transverse orientation can be chosen
directly in the measurement platform for
VCATS. The appropriate slab position is
determined from transverse reformations
using the MPR platform in an orthogonal
mode, The following positions arc record-
ed by shifting any available cursor along the
cranialcaudal direction (on a coronal or a
sagittal reformation):

1. Level of the left main artery {for imaging
the left main artery, proximal EAD and prox-
imal LCX) (Figures 3A,B).

2. Level of the proximal RCA (Figure 3C).

Figure 4. Position and plane determination for the distal RCA and PDA. (4) In display guadrant
Q1, solid cursor SC1 is placed along the atrioveniricular groove, while dashed cursor DC1 is halfivay
between the middle portion of the RCA and the bifurcation to the PDA. LV = lefi ventricle. (B) In
02, solid cursor SC2 is placed along the liver-heart inferface. DC2 = Dashed Cursor 2. (G} The
resultant image in O3 shows the PDA, surrounded by the confluence of the coronary sinus (CS) and
the middie cardiac vein (MCV). Ao = descending aorta,
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gz C

Figure 5. Position and plane determination for the aortic root, proximat RCA and left main artery
(LM). (A) After a plane containing the proximal RCA is selected in display quadrant Q1, dashed
cursor DC1 is positioned along the atrioveniricular groove, with solid cursor SC1 crossing the cen-
ter of the aortic root. (B) In Q2, solid cursor SC2 connects the RCA and left main artery. DC2 =
Dashed Cursor 2. (C) The resultant image in O3 shows the aortic root plane. Ao = aorta.

Volume 3: Plane for the distal RCA
and the PDA.

The distal RCA and the PDA can be seen on
transverse-plane images whenever the RCA
turns to the inferior wall of the ventricles.
However, only short segments may be visu-
atized, depending on the patient's thoracic
geometry. Shorter thoracic cavities most fie-
quently present both the distal RCA and
PDA in transverse sections. Subjects with
longer thoracic cavities necessitate a plane
tilt towards the cranialcaudal direction.
With use of cursor DC2, an image showing
the distal RCA is selected in Q1. Cursor SC1
car: than be placed parallel to the distal RCA
(Figure 4A). In Q2, a parasagittal recon-
struction appears, demonstrating the interface
between the liver and wall of the right ven-

Q1 B

Figure 6. Position and plane determination for the LCX. (A) On ait image in display quadrant Qlshow-

tricle (Figure 4B}. By shifting DC1, the RCA
can be identified as it runs along the atri-
oveniricular groove, tangential to the heart
wall, and later along the heart-liver interface.
Cursor SC2 is than placed along the liver-
heart interface to produce an image in Q3
that is tangential to the boftom of the heart,
showing the PDA and the coronary sinus and
drainage of the middle, posterior, and small
cardiac veins (Figure 4C).

Volume 4: Plane for the aortic root and
proximal RCA and left main artery.

With use of cursor DC2 to obtain a suitable
transverse plane in Q1 (showing the aortic
root and start of descent of the RCA), DCI
18 placed parallel to the atrioventricular
groove, while SC1 transverses through the

2 _ Q

ing part of the LCX, dashed cursor DCI is placed along the length of the LCX. SCI1 = solid cursor
1.(B) In Q2 solid cursor SC2 is positioned along the LCX to illustrate a larger portion of the artery.
DC2 = dashed eursor 2. (C} In the resuliant image in 03, the larger poriion of the LCX is shown

inplane.
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Figure 7. Posttion and plane determinaiion for the distal LAD. (A) In display quadrant Q1, dashed

cursor DCI is placed along the proximal LAD and solid cursor SCI close 1o the anterior wall. (B)
In Q2, this produces an image with the LAD along the anierior wall of the heart. Solid cursor SC2
is then placed along the heari-anterior thorax interfice. DC2 = dashed cursor 2. (C} On the result-
ant image in O3, the distal portion of the LAD can be identified.

aortic root {Figure 5A). By shifting (and
rotaling) DC1, the image in Q2 demonstrates
the origin and course of both the RCA and
left main artery (Figure 5B). Cursor SC2 is
used Lo connect both vessels to obtain the
desired planc in Q3 (Figure 5C).

Volume 5: Plane for the proximal and
distal LCX

The proximal LCX can be readily observed
on fransverse sections. However, a longer
view may be reconsfructed that can show the
LCX from its bifurcation from the left main
artery. By selecting a transverse reformation
in Q1 in which the LCX is scen (Figure 6A),
cursor DC1 can be placed along its length
to demonstrate a parasagittal section in Q2

(Figure 6B}. By shifting DC1, the LCX will
be better appreciated, and cursor SC2 is
placed along the LCX to obtained the
desired vicw in Q3 (Figure 6C).

To evaluate a more distal portion of the LCX,
cursor DCL may be shifted to show in Q2
the LCX running along the posterolateral
wall of the heart. Cursor SC2 can then be
placed along this portion of the LCX.

Volume 6: Plane for middfe and distal
portions of the LAD

The orientations for viewing the mid- and
distal portions of the LAD were reviewed by
Sakuma et al.*

By using a thick volume, both the middle and
distal portions of the LAD may be viewed

Figure 8. Position and plane determination for the middle portion of the RCA. (A) In display quad-
rant Q1, solid cuisor SCI is directed along the proximal RCA and dashed cursor DCI along the
edye of the hieari. (B) in O2, this produces a perpendicular view of the RCA {tangeniial view of the
atrioventricular groove), Solid cursor SC2 is then placed along the groove intercepting both proxi-
mal and distal RCA (arvowheads). DC2 = dashed cursor 2, (C) The resultant image in Q3 shows

the midele poriion of the RCA.
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with one single orientation and position with
VCATS. With the use of DC2 to locate the
level of the proximal LAD in Ql, cursor
DC1 can be positioned along the wvessel
(Figure 7A) to provide a parasagittal section
in Q2, with the LAD advancing towards the
anterior wall of the heart (Figure 7B). Cursor
SC?2 is used to find the average tilt between
the middle and distal LAD, taking into
account the volume scanned in VCATS,
Figuse 7C shows the reformation of the dis-
tal LAD,

Volume 7: Plane for the middle portion
of the RCA.

The double-pblique plane is determined as
proposed by other investigators.'™*" Cursor
DC2 is used to view the proximal RCA in
Q1. Cursor DCI is positioned perpendicu-
lar to the RCA and close to the edge of the
heart, perpendicular to the RCA, as illus-
trated in Figure 8A. This produces an
image in Q2 (Figure 8B) showing the atri-
oventricular groove, with the RCA entering
and leaving the plane of section (proximal
and distal RCA, respectively). By placing
cursor SC2 along the atrioventricular groove
and intercepting the RCA in the two points
observed, Q3 will demonstrate a long view
of the middle portion of the RCA (Figure
8O).

Imaging

Imaging was performed with the [.5-T
Siemens Magnetom Vision platform. The
whole-body coil was used for signal excita-
tion. All subjects were positioned supine with
a four-channel quadrature body phased-array
coil placed over the thorax for signal recep-
fion. Sequences were designed to use the
maximum gradient strength available, 25
mT/m, and gradient rise times of 300 msec
(83 T/m/s} in resonant mode for the heart
volume localizer sequence and 600 msec (42
T/m/s) in nonresonant mode for VCATS. The
acquisition modules used for the measure-

ment protocol are described below.

2D localizer sequence and assessment
of overall fat suppression

A selective water-excitation three-plane
scout sequence (5 seconds) permits rapid
anatomic positioning and assessment of mag-
netic field homogeneity over the entire tho-
rax. The standard shim setting of the sys-
tems for a body acquisition was used. The
imaging protocol continued only if fat sup-
pression was uniform over the liver, arms,
and anterior and posterior thoracic walls
while the signal intensity of blood in the car-
diac chambers remained high. Otherwise,
the shim chaunnels were adjusted manually
or automatically using the manufacturer's
shimming platform (MAP-shim; Siemens)?
until the scout scan showed the desired
results.

Heart volume localizer sequence

A 3D multishot segmented echo-planar
imaging sequence was chosen. A 150-msec
data collection window was assigned per car-
diac cycle to encode 56 sections shared over
two cardiac cycles. An echo-planar readout
with four echocs per radio-frequency exci-
tation was used, with an echo spacing of 1
msec and signal sampling performed with a
nonlinear analog-to-digital-converter trigger
raster during the entire echo-planar readout.
This trigger raster could sample k-space uni-
formly using only 256 sampled points per
echo during the varying gradient waveform
(trapezoidal gradient readout with 300-
msec sinusoidal ramps and a 400-msec flat
top and equivalent readout bandwidth of
1,280 Hz per pixel. The echoes were
mapped along the in-plane phase encoding
direction using an interleaved k-space tra-
Jeetory™* with partial Fourier encoding and
reconstruction. An effective echo time
{TE.¢) (echo time of the first echo of the
echo-planar train) of 1.4 msec was chosen,
providing a readowt packet with TR msec
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{TE ;pmsec of 5.55/1 4. Imaging time was
set to 16-24 heartbeats by using a minimum
FOV of 160 320 mum with a 64h-96h x 256
matrix. An incremental flip angfe series was
used to optimize SNR (linear increment, 16°-
25%). In general, 90 sections were recon-
structed by using a volume of 120 mm. Data
acquisition was performed during middle-to-
late diastole with a breath hold at end-expi-
ration.

Magnetization transfer contrast (MTC)
preparation was included (500-msec appli-
cation period) before application of a single
chemical shift fat suppression pulse to
increase contrast between the blood pool and
myocardium. The MTC irradiation consisi-
cd of a train of 25 radio-frequency pulses of
7.680-msec duration, Gaussian profile, 250-
Hz bandwidth, 1.5-kHz offset frequency, and
6-mT amplitude applied with an interpulse
spacing of 20 msec. A 9.728-msec
Hamming-filtered syne pulse with a band-
width of 200 Hz was used for fat suppres-
sion,

VCATS

A double-oblique 3D  segmented

TurboFLASH sequence (5.3/2.3) was select-
ed to target each coronary segment. The
readout module acquired 21 lines per seg-
ment with partial Fourier encoding with an

acguisition window of 110 msec per cardiac
cylce. The volume targeted was set to a thick-
ness of 24 mm. The sequence was tailored
to permit a minimum FOV of 230 mm for
a 256 x 256 matrix acquired with a readout
bandwidth of 390 Hz per pixel. MTC radio-
frequency pulses were applied prior to a sin-
gle chemical shift fat suppression pulse with
the same irradiation time and characteristics
as in the heart volume localizer sequence.
Seven section-select phasc-encoding steps
encoded the volume, and the number of
reconstructed sections was freely selectable
10 ease the review process (default of 16 1.5-
mm-thick reconstructed sections). The selec-
tion-select profile was optimized to deliver
a sharply defined volume with minirnal alias-
ing and SNR loss at the edge sections. An
incremental flip angle series was used to
optimize SNR (linear increment, 14°-34°).
The measurement time was 21 heartbeats for
a }26h x 256 acguisition matrix, An FOV
of 320 mm was selected, with a rectangular
FOV ratio of 3:4. The trigger delay matched
that of the volumetric heart localizer
sequence, and the data was acquired duting
end expiration. To reduce reconstruction
time, only the anterior elements from the
four-channel phased-atray coil were used to
image volumes 6 and 7.

Figure 9. Determination of the ffectiveness of the application of MTC and intravascular comntrasi
agents on the heart volume localizer images (three different subjects). These transverse sections were
reconstructed with a 5-mm thickness, (4). On image obtained without MTC or intravascular con-
trast, blood remaing saturated (myocardivm has slightly higher signal imensity). (B) MTC without
confrast agenis provides slight but positive contrast between blood and myocardivm. Arrowheads
in A and B point af the RCA and LAD, which are clearly visible when surrounded by suppressed fat.
{C) MTC with contras! agent provides betier depiction of vascular structures (arrow) over the myocardivm,
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Ghosting and aliasing artifact reduction
Two saturation bands were used to reduce
ghosting or aliasing or both, A single
oblique saturation band was placed over the
anterior chest wall and maintamed for all vol-
ume orientations. For volume 7 (middle por-
tion of the RCA), a second saturation band
covered the left thoracic cage and arm to
avoid aliasing.

Data evaluation

With 3D multishot echo-planar volume
focalizer imaging, the heart could be seg-
mented from surrounding structures and vol-
ume rendered to display the coronaries over
the heart from any desired view. Heart seg-
mentation was performed on a MagicView
viewing station (Sicmens). The segmented
data was then transterred fo an Indigo2 work-
station (Silicon Graphics, Mountain View,
Calif), and volume rendering was per-
formed with VoxelView (Vital Images,
Minneapolis, Minn).

Comparison between conventional coronary
angiography and VCATS was performed
only when major stenoses were detected on
the former. The VCATS data was reviewed
with the dynamic display option of the MR
system, showing the reconstructed sections
it a cine, The VCATS data could also be seg-
mented to eliminate unwanted structures and
volume rendered to show the entire coronary
segment.

RESULTS

Good quality data were obtained in all vol-

Figure 10. (A} Cranialcaudal and (B)
ateral views of the coronary arteries
after volume rendering of the heart vol-
ume localizer data, used for MPR, as
shown in Figures 2-8. The data was
acquired in 16 heartbeats. The patient
received intravascilar contrast agent fo
enfiance confrast between blood and
myocardium. Ao = aorta, CS = coronary
sinus, GCV = great cardiac vein, LV =
lefi venfricle, MCV = middle cardiac
vein, RVOT = right ventricular oulflow
rack.

unteets and in 22 patients who were able to
endure a 2 [-second breath-hold acquisition.
Figure 9 illustrates the effect that the addi-
tion of the intravascular contrast agent has
on the contrast-to-noise for blood and
myocardium. Figure 9A illustrates a trans-
verse section close to the heart apex from a
3D multishet segmented echo-planar acqui-
sition without MTC and contrast agent.
Figure 9B illustrates a case in which only
MTC was applied, while Figure 9C demon-
strates the contrast enhancement possible
with both MTC and the intravascular con-
trast agent. It can be noted that even with-
out the contrast agent, the coronary arteries
can be visualized in Figure 9A and 9B
because the vessels are surrounded by fat
(vessels indicated by arrowheads). However,
the higher contrast-to-noise ratio possible
with the intravascular contrast agent
enhances the image postprocessing if the
heart volume localizer is volume rendered to
produce a 3D display. The data from the
heart volume localizer illustrated in Figures
2-8, also acquired with the intrasvascular
contrast agent, were used to demonstrate this
possibility, resulting in two volume-rendered
views (cranialcaudal and lateral) of the heart
(Figure 10}. The VCATS results from this
patient are demonstrated for comparison with
the localization procedure described in the
Materials and Methods section,

Five example VCATS are depicted in
Figures 11 and 12. Figure [[A-11D displays
selected views from four VCATS acquired
in the region of the proximal RCA and left
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= great cardivc vein, LM = left main.

main artery {(volumes 1-3, 5, respectively),
Velume 5 (Figure 11D, VCATS along the
LCX) shows a slight ghost of the anterior
chest wall over the lefl ventricle. This ghost
arose because of an inadequate breath hold.
With a 126h x 256 in-plane matrix, three
ghosts will appear if inconsistent breath hold-
ing and provide direct feedback for the oper-

Figure 11, (A-D) Results from VCATS acquired in volumes (A) 1,
(B) 2, (C) 4 and (D} 3 demonsivate the coronary regions as defined
in the Table. Partial fut suppression can be noted in the region of
the LAD farrows). Sixteen [ 5-mm-thick secfions were leconstiuct-
ed foir VCATS using 21 heartbeats, a 1265 X 256 matrix with pei:
tial Fourier encoding, and g FOV of 240X 320 mm. (E-G) Volume
renderings from volumes (E) 1, (F) 2 and (G) 4. Ao = aorta, GCV

ator to repeat the acquisition. The VCATS
from target volumes 1, 2 and 4 were volume
rendered and are depicted in Figures 11E-G,
respectively. Nine sections from volume 3
{distal RCA and PDA) and the corresponding
rendered volume arc demonstrated in Figure 12.
Homogencous fat suppression was not
always present over the entire volume, as

Figure 12, Turgeting of
the disial RCA and PDA.
(A) The center nine sec-
tions (from 16 recon-
structed for VCATS) are
displuyed. (B) Volume
: rendering Integrates the
¢ enitive course of the dis-
fal RCA.  Acquisition
paramieters as in Figure
1. Ao = aorta, CS =
~coronary sinus, MCV =
middle cardiae vein.
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seen in Figures 11 and 12. This was a prob-
lem in the region of the middle and distal
I.AD in most subjects. In these cases, the
cancellation effect from the opposed-phase
behavior of fat helped to delineate the bound-
ary betwecen the distal LAD branch and sur-
rounding fat. The vessel lumen will always
be somewhat reduced, especially when the
vessel is small relative to the voxel size used.
A volume localizer image was reconstruct-
ed for a patient with a severe stenosis in the
LAD {shown on the conventional coronary
angiogram in Figure 13A)}. Figure 13B illus-
trates the that a large lesion can be detected
of on the volume localizer image after vol-
ume rendering. Figure 13C depicts the vol-
ume-rendered data from VCATS (volume 1),
clearly demonstrating the stenotic LAD.

DISCUSSION

Breath-hold 2D coranary MR angiography
targets the coronary arteries interactively
using an acquisition positioning platform and
the results from several localizer acquisitions
during previous breath holds. Once the dou-
ble-oblique plane and section position are
identified, several breath holds follow dur-
ing which neighboring locations are imaged
to account for vesscls with a tortuous path.
Although the localization procedure has been

standardized for certain segments, this does
not include situations in which coronary
arteries have an abnormal course, such as in
congenital anomalies™™ or heart rotation
after infarction or heart transplantation.”
Rapid localization of coronary bypass grafts
can be even more cumbersome,

The motivation for 3D coronary MR angiog-
raphy (with free breathing and averaging and
retrospective and prospective navigator
approaches) was to the need for providing
an easy setup that covered the entire heart
and eliminated the burden of requiring a
highly skilled operator performing the exam-
mation. The availability of 3D processing
tools permits appropriate data management
and evaluation after data collection is com-
pleted. Regardless of the method of choice,
however, high-resolution, isotropic-voxel 3D
coronary MR angiography remains a lengthy
examination despite the advances made in
gradient and signal reception hardware and
sophisticated measurement confrols. This
is where our approach differs from a 3D eval-
nation of the coronary tree, We believe that
VCATS along the main course of the coro-
naries can provide the necessary resolution
to quantify stenosis and remains the fastest
imaging approach.

Coronary localization with the heart volume

Figure 13. Images obtained in a patient with LAD stenosis. (A) Conventional coronary angiogra-
phy demonstrates the severity of the lesion. (B) The large stenosis can be detected on the volume
rendered fmages obitained from the heart volume localizer data. Ao = aorta. (C) Volume rendering
Sfrom the sections acquired with VCATS provides a clear depiction of the sienosis. The subject did
not receive the Intravascular conirast agent. Data for the localizer images were acquived in 22 heari-
beats, with an 88k X 256 matrix with partial Fourter encoding, an FOV of 160 X 320 nom, and 120
reconstructed sections (1.16 mm thick). GCV = great cardiac vein.
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localizer sequence, based on standard land-
marks in the heart, is easy for a trained oper-
ator. The same procedure that has been fol-
lowed with 2D breath-hold imaging can be
performed interactively during data collect-
ed without the necessity of instructing the
patient to perform numerous breath holds,
which are necessary only for VCATS. The
volume that VCATS focuses on can be read-
ily seen on the MPR platform, and the cov-
erage necessary can be adjusted according-
ly, provided that breath-hold position at end
expiration is consistent. I our experience,
seven volumes can target the entire coronary
trec and all required orientations can be
determined. An approach that is compara-
ble to our serup but with use of a real-time
MR fluoroscopic imaging system® hag been
proposed. The MR fluoroscopy system can
position planes interactively over the beat-
ing heart and transfer position and plane ori-
entation information automatically for a
high-resolution 2D breath-hold acguisition.
The following points touch on the potential
advantages and drawbacks of the method and
generalize some aspects that are applicable
to 2D and 3D coronary MR angiography
implementations that uses proton-density-
weighted segmented TurboF LASH readouts,

Resolution of the heart volume
localizer sequence

Even in the case of a low-resolution heart
volume localizer sequence (on tmaging sys-
tems with weaker and slower gradients), it
is possible to determine the coronary planes
without a good depiction of the coronary
arterics themsclves, on the basis of known
landmarks in the heart (as described in the
Materials and Methods section). Improved
resolution is necessary only for the local-
ization of certain coronary segments with
smaller lumens, such as the distal LCX.
Operators can be trained in the procedures
on higher-resolution heart volume data sets
(eg, acquired with 3D navigator approach-

es) to improve confidence in localization.

Coronary visualization

Fat suppression is of utmost importance for
coronary MR angiography techniques that
use 4 proton-density-weighted approach to
unequivocally observe the coronary vessels,
which are generaily surrounded by pericar-
dial fat. Nonctheless, most techniques
have relied on the choice of an opposed-
phase echo time for detection of the dark
boundary arising between coronaries and fat
in cases with poor fat suppression. The vol-
ume localizer sequence has a unique advan-
tage in that it can provide immediate volu-
metric information on the quality of the fat
suppression over the heart. In regions such
as the distal LAD, fat suppression has been
routinely difficult, and this could be detect-
ed immediately after the initial evaluation of
the volume acquisition on the MPR platform.
As a result, shim settings could be readjust-
ed to deliver a more homogenous field over
the entire heart, In five of our patients, shim
settings were changed based on this basis.
With the flexibility for rapid localization
described, shimming may be customized per
region evaluated to ensure the best results.
This has been attempted, but it requires a
rather cumbersome time-consuming proto-
col. Future enhancements of this technique
will inciude automatic localized shimming.
The use of a spectral spatial radio frequen-
cy excitation (cg, binomial series 1-], 1-3-
| and so on, where _ means a 180° phase
shift in the precession of fat protons) is clear-
ly superior than frequency-selective chem-
ical shift fat suppression schemes® Good
water-only selectivity is time-consuming il
applied to cach radio frequency cxcitation in
a TurboFLASH imaging scheme, lengthen-
ing TR. With a longer TR, resolution would
have to be sacrificed to maintain the acqui-
sition window per cardiac cycle of less than
150 msec. Spectral spatial excitations have
been only realistic for coronary MR angiog-
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raphy techniques that use spiral imaging
readouts, in which a single excitation is gen-
erally used per cardiac cycle or cardiac phase
in cine acquisition.

Likewise, suboptimal fat suppression can
induce some ghosting artifacts on the 3D
multishot segmented echo-planar volume
localizer acquisition due to high-signal-inten-
sity fat close to the reception coils. Ghosting
intensified as more echoes per excitation
were collected (due to amplitude moduiation
from T2* decay and the in-phase, opposed-
phase behavior in the echo train).

Stronger main magnetic field and
improved gradient hardware

At 1.5T, the use of more compact gradient
waveforms to speed the acquisition may not
be realized, as most techniques have relied
on an echo time with an opposcd fat-water
behavior to circumvent poor fat suppression
while still showing the course of a coronary
artery. It is foreseen that coronary MR
angiography at higher field strengths (=
[.5T) will benefit not onky from higher SNR
but also from the addition of stronger and
faster local imaging gradients tailored for
imaging the heart. Also, at higher field
strengths, the out-of-phase fat-water condi-
tion would occur at shorter echo times, and
with these, there is less sensitivity to phase
errors due to flow effects. Furthermore,
stronger gradients could increase the over-
all resolution of 3D multishot scgmented
echo-planar imaging and permit breath-hold
studies with contrast administration at true
1-mm? voxel sizes.

Blood-myocardial contrast with
magnetization preparations and
vessel selectivity

MTC irradiation was applied for both the
heart volume localizer sequence and VCATS
to improve the blood-myocardium contrast.
This enhancement mechanism was proposed
previously for 3D coronary MR angiography

acquisitions.” The application of MTC to
the 3D coronary MR angiography acquisi-
tion helped in recognizing coronary segments
surrounded mostly by myocardium. Addition
of the intravascufar contrast agent helped
improve contrast further and made it possi-
ble to produce cleaner volume renderings of
the coronary artery tree without major post-
processing {Figure 10). The MTC irradiation
used enhanced the blood-myocardial contrast
by approxumnately 75%, with a 16% reduc-
tion in the signal inlensity from the blood
pool.

Blood-myocardium contrast could be more
pronounced using a T2 preparation scheme
with a long TEy This scheme has been
applied previously for 2D and 3D imag-
ing in the heart. By choosing a TE yon the
order of [00 msec, suppression of venous
signal is possible as a result of the shorter
T2 in the presence of lower oxygenation lev-
¢ls.* This helps distinguish the LAD and
LCX, which run parallel to the great cardiac
vein.

Stenosis visualization

Only significant stenoses (larger than the
voxel size) have been observed on the heart
volume localizer images (Figure 13). H is
believed that even with the maximum reso-
lution attainable {1.25 % 1.25 % 1.25 mum vox-
els in 32 heartbeats), identification of slight
stenosis may still be problematic and that the
technique cannot be relied on for routine
diagnosis despite the good visualization of
all coronary segments.

The spatial resolution possible with breath-
hold MR angiogprahy techniques cannot yet
match that offered by contrast coronary arte-
riography. SNR is the greatest limiting fac-
tor. The VCATS implementation can acquire
a true section thickness of 2 mm and an in-
plane resolution of 1.5 »x 0.75 mm in 21
heartbeats. At this resolution, noise prevails.
Other breath-hold technigues face the same
SNR problem if resofution is not an issue.
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At present, the only possibility for high in-
plane resolution with adequate SNR is the
implementation of a low-readout-bandwidth
free-breathing technique that can precisely
compensate for cardiac and respiratory
motion. '

Uniform resolution using a constant
breath-hold appreoach

Patients can have substantially different car-
diac periods. To maximize the amount of
data collected, four acquisition settings
were envisioned initially for the volume
localizer and VCATS, with data collection
windows of 95, 125, 150, and 180 msec,
respectively, With this in mind, the spatial
resolution encoded for a specific breath-hold
period could be the same for all cardiac rates
by using the maximum number of k-space
lines that met this design criterion, This
approach was abandoned because it involved
an operator decision, and a single collection
window of 150 msec was adopted for 3D
multishot segmented echo-planarimaging
and 110 msec for VCATS were adopted to
simplify the imaging protocol. Perhaps a
more sophisticated pulse-measurement con-
trol could make the choice automatically on
the basis of the subject's cardiac rate, so that
it would appear transparent to the user.

Lumen definition and assessment
of breath-hold quality

Two approaches involve encoding le-space.
In the present implementation, the section-
select phase-encoding steps are collected first
{inner loop), witl onfy several le-space along
the in-plane phasce encoding direction. This
k-space filling scheme leads to ghosting sim-
ilar to what has been observed with 2D coro-
nary MR angiography with poor breath
holds. The second option is to change the
order in which the phase encodings are per-
formed, that is, to collect the in-plane phase
encoding steps first (inner loop) following
each section-select-phase encoding step.

The first scheme requires a consistent
breathhold throughout the acquisition; the
breath-hold quality can then be clearly
identified and the acquisition repeated if nec-
essary. If ghosting occurs, it will be discrete
(three ghosts appear with a 126h x 256
matrix) and can interfere with the visuali-
zation of a particular coronary segment.
With the second acquisition order, cleaner
images may be obtained even without ade-
quate breath holds. The scheme compares
with that used in partially gated acquisitions
or respiratory ordered phase encoding.™
However, blurring along both phase-encod-
ing directions and may be difficult to rec-
ognize and can easily hide a stenosis, In this
lattercase, a navigator echo positioned over
the diaphragm could indicate to operator the
quality of the breath hold for appropriate
feedback.

In our experience, an imaging time of 21
heartbeats is well tolerated. In acquisitions
in which the patient could not achieve ade-
quate breath hold, data could be acquired
again (or the number of phase-enceding steps
could be reduced-eg, 14 heartbeats for a 84h
x 256 matrix). Breath-hold acquisitions
eliminate vessel bhurring due to respiratory
motion and can produce more realistic ves-
sel lumens compared with some implemen-
tations of fiee-breathing coronary MR acqui-
sitions {eg, retrospective respiratory-gated
3D navigator coronary MR angiography).

Partial Fourier imaging

Partial Fourier encoding was performed to
halve the acquisition time and obtain rea-
sonable coverage and in-plane spatial reso-
[ution in a single breath hoid. However, par-
tial Fourier acquisitions can produce signal
intensity changes and distortion in the
image, especially in gradient echo acquisi-
tions. Two potential problems were noted but
were seldom observed during this study. A
local smear over a coronary couid appear
when the vessel was surrounded by unsup-
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pressed fat. This artifact arises from a poor
phase estimate in voxels containing similar
water and fat contributions. A streamline
effect was noted in vessels oriented oblique-
ly and was attributed to flow-induced phase
errors affecting the phase estimate, especially
in acquisitions in which no flow compensa-
tion is used, as in the present study. This was
apparent only near the origin of the RCA in
two subjects. The acquisition window occurs
during middle-to-late diastole, with peak
flow velocities in the coronary arteries, By
reducing the echo time, faster imaging gra-
dients may prove useful to decreasing the
prevalence of such artifacts.

Contrast agents

In the present study, the parameters used for
VCATS were tailored for acquisitions that
did not require the administration of an
intravascular contrast agent, VCATS uses a
proton-density approach that benefits mar-
ginally from the presence of contrast agents,
especially when targeting a small volume in
which blood refreshment most likely occurs
with every heartbeat.

With large volumes, such as those used for
the heart volume localizer sequence, the slight
T1 shortening in blood with the intravascu-
lar contrast agent provided greater magneti-
zation recovery in blood between heartbeats.
This was enough to maintain a stable contrast-
to-noise ratio for cardiac muscle and blood
in any compartment, mdependent of flow pat-
terns and volume scanned (Figure 2-9). The
T1 shortening was not quantified, as it may
vary with the remaining level of superpara-
magnelic iron oxide particles in blood after
liver uptake (T1 ~ 450-700 msec); thus, the
enhancement remains somewhat cardiac rate
dependent. Although the use of this contrast
agent for cardiac imaging is not optimal, it
is advantageous becausc it helps to improve
SNR and contrast-to-noise ratio in volumet-
ric data acquisitions and is readily available
on the market.

Future directions

A drawback of the current implementation
is the lack of a truly interactive single plat-
form that can integrate both the MPR and the
measurement control. Currently, the oblique-
plane selection parameters computed by
MPR are fed manually to the measurement
platform for every volume targeted. This
slows planning and acquisition. Automation
of this process would greatly enhance the
evaluation and this will be a goal for future
improvement.

Breath-hold VCATS is a promising alterna-
tive for coronary screening, if image reso-
lution can be improved by keeping SNR at
levels adequate for providing the necessary
diagnostic confidence. This may be possible
in the near future with the intreduction of
contrast agents that produce short Tis (<50
ms) in blood and provide the necessary SNR
enhancement. Contrast agents can also pro-
vide fat signal reduction by with a TIl-
weighted approach that could eliminate the
field homogeneity dependent chemical shift
fat suppression.

CONCLUSIONS

In this present study, we have described an
alternative methodology, VCATS, for fast 3D
localization and targeted imaging of the
coronary arteries. This protocol, as imple-
mented on our imager, permits rapid imag-
ing of the coronary anatomy in scveral breath
holds, with patient examination times of less
than 30 minutes. Furthermore, it provides
interactive positioning for optimal coronary
viewing, fast feedback, and a nearly opera-
tor-independent evaluation.
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ABSTRACT

The aim of this study was to explore the clinical possibilities of a ncw strategy for mag-
netic resonance imaging of the coronary arteries. 13 patients were studied by Volume
Coronary Angiography using Targeted Scans (VCATS) to visualize the major coronary arter-
ies in a series of breathholds. The proximal coronary arteries were clearly seen in 92% and
the mid segments in 50 to 70% of the patients. VCATS was able to visualize a total ves-
sel length of the LM (mean: 9.4 + 3.4 mm), of the LAD 69 4+ 20 mm, of the RCA 90 + 33
mm and of the CX 41 + 18 mm. There was a reasonable correlation between the VCATS
and conventional coronary angiography for vessel diameter (r = 0.71), with a slight over-
estimation of 0.7 mm by VCATS. There were 9 significant stenoses present of which 6
were correctly detected, three were missed and 1 false positive was present.

VCATS is fast strategy for visualizing the major coronary artery branches and has the poten-
tial to detect significant stenoses in these branches.
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INTRODUCTION

Magnetic resonance angiography of the coro-
nary arleries (MRCA) has been attempted
with two-dimensional (2D)"* and three-
dimensional (3D} techniques * either using
breath-hold or free breathing acquisitions, To
date, most experience has been gathered
using a 2D breath-hold segmented gradient
echo technique. With this technique, sever-
al breath-holds are necessary to scan each
coronary segment and this can introduce arti-
facts when breath-holding is inconsistent,
especially with tortuous coronaries.’
Respiratory gating allows longer acquisition
times, which permits the usage of 3D MR-
sequences which are better suited to study
{he complex coronary artery anatorny.®’
However the clinical application of this tech-
nique is limited by the long acquisition time
and residual image blur. A new strategy
using targeted volumes along the coronary
artertes combining the advantages of 2D-
breathhold and 3D coverage may overcome
these problems. In this study we will explore
the clinical potential of this new strategy
which we refer to as Volume Coronary
Angiography using Targeted Scans
(VCATS).

METHODS

Patients

The study population consisted of 13 patients
{9 men, mean age 60 years}) who were
referred for elective coronary angiography.
Exclusion criteria were previous coronary
bypass operation, iniracoronary stent implan-
tation, artificial pacemakers, intracranial
clips, atrial fibrillation, severe claustropho-
bia, and severe lung diseasc restricting
breathholding capabilities to less then 30 sec-
onds. The protocol was approved by our hos-
pital committee of medical ethics and clin-
ical investigation.

MR angiography

The 13 patients were examined with the new
VCATS protocol.* The patients were studied
in a supine position, with a 4-channel quad-
rature body phased array coil placed over the
thorax, in a [.5T whole body MR imaging
system (Vision; Siemens, Erlangen,
Germany). Within the protocol each coro-
nary segment was covered with a 24 mm
thick volume containing sixfeen 1.5 mm
slices. The targeted volume was acquired in
21 heartbeats with a double oblique 3D seg-
mented  gradient  echo  sequence
(TR/TE=5.3/2.3 ms} with a partial Fourier
matrix of 126 x 256. Resolution was 1.9 x
1.25 % 1.5 mm. Seven breath-hold volumes
were used to cover the Lelt Main (LM}, Left
Anterior Descending (LAD), Circuinflex
(CX) and Right Coronary Artery
(RCA)(Table 1). To determine the imaging
planes for each coronary segment, multi-
planar reformations (MPR) were performed
on a volume colfected in a single breath-hold
acquired with a mulfi-shot echo planar
imaging (EPI) sequence prior to VCATS.
Total examination time was 30 minutes.

Table 1. Coronary  Segments Routine

Evaluated Volume

No.* Coronary segment evaluated

i Plane along left main artery, proximal

LCX, and proximal LAD (transverse)

Plane of proximal RCA (iransverse)

3 Plane along distal RCA and PDA
(eblique)

4 Plane through aortic root and proximal

RCA and leftmain {oblique)

Plane along LCX (cblique)

Plane along distal LAD (oblique)

7 Plane along middle portion of RCA
{oblique)

Note.-LAD = Lefl anterior descending artery, LCX
= Left circumflex artery, RCA = Right coro-
nary artery, PDA = Posterior descending
artery.

*The coronary segments were gcquired in the same
order as indicated by the volume number.
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MR image analysis

The vessel iength of non-occluded arteries
visualized was measured with an on screen
cursor available in the standard MR evalu-
ation package. Vessel diameter was measured
from a spatial profile curve over the proxi-
mal coronary arteries. The vessel edge was
determined at 50% of the peak intensity of
the intravascular lumen.

For the detection of corenary artery stenoses
the 16 source images were analyzed in a
dynamic loop, independentiy by a cardiolo-
gist and radiologist who were unaware of the
cardiac catheterization resuits. In case of non-
agreement consensus was achieved in a
joined session with a third blinded investi-
gator. Of the left coronary artery the left main
(LM), proximal and mid left anterior
descending (LAD) and circumflex (CX) were
evaluated. Of the right coronary arlery
(RCA) the proximal, mid and distal {until the
crux) segments were included in this study.
These segments were graded as assessable or
non-assessable dependent on image quality
resulting from signal-to-noise ratio, image
blur and presence of breathholding artifacts.
The assessable segments were graded as hav-
ing either no significant or significant disease,

Table 2. Visualization of different coronary
artery segments

Segment No visualized
RCA prox 12 (92%)
RCA mid T (54%)
RCA dist 7 (54%)

RDP 4 (31%)
LM 12 {92%)
LAD prox 12 (92%)
LAD mid 11 (85%)
LAD dist 8 (62%)

CX prox 10 (77%)

CX mid 7 (54%)

Conventional coronary angiography
Conventional selective contrast-enhanced
coronary angiography (CAG) was performed
using the Judkins technique.” The mean ves-
sel diameter was measured off-line by an
experienced observer using quantitative coro-
nary angiography in a commercial package
(CAAS TI, Pie Medical, Maastricht, The
Netherlands). For the detection of coronary
artery stenoses two cardiologists graded the
same coronaty scgments as in MRCA as being
either normal or having minimal disease
{<50%) versus significant disease (>50%).

- : Figuve 1. Example of
2 (2 slices from a vol-
wme of 10 slices in a
iingle breathhold tar-
veted Jor the aoriic
root, RCA =Right
caronaly artery, Ao =
Aorta, LM = Left
v miain, RA = Right

: atrivm, LAD = Lefi
anierior descending
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Figuve 2. Correlation in vessel diameter between
VCATS and comventional angiography (CAG)

Statistical analysis

All values are expressed as mean + SD. The
correlation of the two measurements was
performed by least-squares linear regression.
The agreement between vessel diameter on
MRCA and CAG was tested with the
method of Bland and Altman."

RESULTS

The proximal coronary arteries were clear-
ly seen in 92% of the patients. The results
for the individual segments are listed in Table
2. The LM was always visualized over it's
full length {mean: 9.4 £+ 3.4mm), the LAD
over 69 mm + 20 mm and the RCA over 90
mmun = 33 mm. The CX was only visualized

3

25

Difference in vessel diameter {mm)

& 05 1 15 z 245 3 a5 4
Mean vessel diameter (nm) J— :L.
Figure 3. Bland-Altman analysis with sig-
nificant (p<0.01) overestimation (0).6mm) of
the vessel diameter in MRCA.

over 41 mm + 18 mm. Figure | illustrates
an example of 12 slices from VCATS per-
formed on the LM and proximal-LAD. There
was a reasonable correlation between the
mean vessel diameter in MRCA and CAG
(r = 0.7 ){figure 2). The diameter on MRI
(3.6 £ 0.7 mm) was significant {p = <0.01)
farger compared to CAG (2.9 % 0.7 o) (fig-
ute 3).

Of the 104 proximal segments 79 were suit-
able for blind comparison with the conven-
tional coronary angiogram. In these 79 seg-
ments 9 significant stenoses werc present of
which MR correctly detected 6. Three
stenoses were missed (3 false negatives) and
| stenosis was overestimated (1 false posi-
tive). Figure 4 itlustrates a stenoses in the
mid segment of the RCA. Inconsistent
breath-hold, poor fat suppression or poor sig-
nal-to-noise ratio hampered visualization of
distal segments.

DISCUSSION

The visualized length of the major coronary
artery branches is comparable with the
results from other studies using breathhold
techniques.'"* Measurements of the visual-
ized vessel lengih may be used to compare
different techniques, but the outcome should
be viewed with caution because results may
be influenced by differences in anatorny, tor-
tuous vessels and interobserver variation
originating from continuous measurements
of a single vessel from one image to anoth-

Figure 4. Example of two stenosis in the right
coranary artery (arrow heads). Left: MRCA with
VCATS, Right: Conventional coronary angiog-
raphy. Ao = Aorta, PA = Pulmonary artery, LV
= Leff ventricle, RV = Right ventricle
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ing of a targeted acquisition for the right coro-
nary artery visible between the vight atrium (RA)
and right ventricle (RV). Ao = Aorta

er with different orientations. Furthermore
vessel length does not express the ability to
detect coronary artery stenoses. The 3D res-
piratory gated techniques were able to visu-
alize slightly longer parts of the LAD and
CX, but due to more residual image blur and
longer acquisition time this technique has not
evolved as a practical tool for the detection
of coronary artery stenoses.” This technique
may be improved by using a prospective gat-
ing algorithin rather than a retrospective gat-
ing algorithm, '™

There was a reasonable correlation between
the vessel diameter imn MRCA and CAG. The
slight over estimation of MRCA over CAG
may result from residual blur during cardiac
moetion or involuntary respiratory motion.
The difference in vessel diameter may also
be a result from the different algorithm used
in QCA for vessel contour detection, the
minimum cost algorithms, which differs
principally from the simple algorithm used
in this study. In a study on 2D-breathhold
MRCA the diameter taken at 50% of the
peak also over estimated vessel diameter,"”
whereas the diameter at 65% of the peak
intensity corresponded best with QCA.

Figure 3. 3D postprocessing by volume render-

Advantages

In the VCATS protocol the optimal orienta-
tions for the targeted volume are obtained by
MPR of a single breathhold volume local-
izer scan. This simplifies the setup procedure
compared to 2D-breathhold techniques so
that with some experience a MR technolo-
gist is able to find the orientations (much
alike a technologist performing standard
echocardiography studics). Another advan-
tage of the targeted volume acquisition is a
reduction in the number of breathholds (7-
10) compared to a complete study with 2D
techniques (30-40). Also VCATS may lead
to less false positive results which originate
from inconsistent breathholding in 2D
breathhold techniques.® Finally three-dimen-
sional post-processing by Volume Rendering
may improve evaluation of MRCA studies
(figure 5). However the large amount of
observer interaction which is presently nec-
essary for image segmentation using volume
rendering restricts it is clinical use.

Limitations

In this study despite the rather crude reso-
lution (1.9 x 1.25 x 1.5 mm)} permitted to
identify significant coronary artery stenoses,
obviously the resclution needs to be
improved for more reliable evaluation of the
detected stenoses. With the present technique
a resolution 1.5 x 0.75 x | mm can be
achieved, however the signal-to-noise ratio
is rather low. Perhaps the introduction of
intravascular contrast agents will provide the
necessary boost in signal-to-noise ratio nec-
essary.

The low rate of visibility of the CX remains
a immense problem due to its complex
course and close anatomical relation to the
great cardiac vein and coronary sinus.
Improved resolution will reduce this prob-
lem. In addition, better differentation could
be achieved by reducing the signal from
venous blood by incorparating a T2 prepa-
ration prior to data collection.'™"
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CONCLUSION

We evaluated VCATS as a new protocol for
MRCA. The technique simplifies the setup
procedure and allows frequent visualization
of the major coronary artery branches.
There is a reasonable correlation between
vessel diameter in VCATS and CAG.
VCATS has the potential to detect clinical
refevant coronary stenoses. The effectiveness
of this protocol has yet to be shown in a larg-
er blinded study.
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ABSTRACT

It is still disputed that superior border definition in magnetic resonance coronary angiog-
raphy (MRCA) is provided by breath-hold or respiratory gated MRCA. The purpose of
our study is to compare quantitatively coronary artery diameter and vessel boundary sharp-
ness of respiratory gated MRCA (NAV-MRCA) and breath-hold MRCA (BH-MRCA) tech-
niques. For this twenty-six patients were studied with both BH-MRCA and NAV-MRCA.
BH-MRCA was performed with Volume Coronary Angiography using Targeted Scans
(VCATS) along the major coronary segmenis, which uses a double oblique 3D segment-
ed turboFLASH sequence (TR/TE=5.3/2.3ms). NAV-MRCA was performed with a 3D seg-
mented turboFLASH sequence (TR/TE=7.4/2.7ms) and retrospective respiratory gating by
using a navigator signal from the right hemidiaphragm. In the MRCA studies vesse] diam-
eter and boundary sharpness were measured in the proximal coronary arteries. Quantitative
conventional selective coronary angiography (CAG) was used as the gold standard to assess
vessel diameter. Both NAV-MRCA and BH-MRCA significantly overestimated vesse] diam-
eter compared to CAG (NAV-MRCA: 3.93 + 1.05 mm, BH-MRCA: 3.56 + 0.74, CAG:
2.97 + 0.68, p<0.01). The overestimation in NAV-MRCA was significantly more compared
to BH-MRCA (p<0.01). Boundary sharpness was significantly better in BH-MRCA com-
pared to NAV-MRCA (BH-MRCA: 4.44 = 0.93, NAV-MRCA: 3.98 + 0.89, p<0.01). In
conclusion, our study demonstrates the preference of BH-MRCA over NAV-MRCA for
obtaining more consistent images quality, because sharper and more realistic vessel diam-
eter of the coronary arteries are obtained compared to NAV-MRCA,
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INTRODUCTION

Magnetic resonance coronary angiography
{MRCA) is a non-invasive imaging tech-
nigue of the coronary artery anatomy.
However, the degradation in image quality
of coronary MRCA due to respiratory and
cardiac motion poses a big challenge to reli-
ably image the coronaries with minimal blur-
ring and ghosting artifacts. The respiratory
motion problem can be addressed with either
breath-hold or respiratory synchronized
free-breathing techniques,

Breath-hold acquisitions produce reliable
coronary images if the patient can withstand
breath-hold times of approximately 20 sec.™
Four free-breathing methods are alternatives
for breath-hoeld imaging: averaging multiple
acquisitions,’ respiratory gating using res-
piratory belfows,® retrospective respiratory
navigator gated acquisition and reconstruc-
tion (NAV-MRCAY" and prospective real-
titme navigator respiratory data collection.®"
Recently, a breath-hold small volume acqui-
sition, targeted for the coronary arteries
(VCATS, Volume Coronary Angiography
with Targeted Scans) has been introduced
which provides extended coverage, con-
tiguous slices and isotropic resolution.*

In the development of new MRCA
scquences the choice between breath-hold
imaging and free breathing imaging remains
unresolved. Comparison of image quality has
been performed only qualitatively using
visual assessment by different observers. In
this study we compared image bhur and ves-
sel diameter of breath-hold and retrospective
respiratory gated 3D-MRCA using quanti-
tative measurements for vessel sharpness and
diameter using conventional coronary
angiography as a standard for the coronary
vessel diameter.

MATERIALS AND METHODS

Patients
The study population consisted of 26 patients

{19 men, 8 women, mean age 57.7 ycars)
who underwent a conventional coronary
angiography. To accurately assess vessel
diameter only patients without angiograph-
ic atherosclerotic disease visible in the
proximal coronary atterics (Segments 1, 6 or
11 according to the AHA-guidelines) where
included in this study. Exclusion criteria
were: previous coronary bypass operation,
intracoronary stent implantation, artificial
pacemakers, intracranial clips, atrial fibril-
lation, severe claustrophobia, and severe fung
disease restricting breath-holding capabili-
ties to less then 30 seconds. The protocol was
approved by our hospital committee of med-
ical ethics and clinical investigation and writ-
ten informed consent was obtained hefore the
examination.

Scanning

The study was performed on a 1.5T
Magnetom Vision scanner (Siemens Medical
Systems, Erlangen, Germany} using the body
coil for RF excitation and a 4-channel quad-
rature body phased array coil placed over the
chest. Scanning proceeded afler a selective
water excitation 3-plane scout (5 sec) pro-
vided rapid anatomical positioning and
assessment of the magnetic field homo-
geneity over the entire thorax. Shim settings
were altered if homogeneous fat suppression
was not possible with the systems standard
shim setting for a bady acquisition. The pro-
tocol consisted of 2 parts: the respiratory
gated MRCA and the breath-hold MRCA
technique,

Reaspiratory gated 30 MRCA (NAV-MRCA)
Free breathing MRCA was performed using
a standard Siemens 3D gradient echo
sequence with the retrospective respiratory
gated technique described by Li et al.” A
chemical shift fat suppression pulse was used
to suppress the signal from the epicardial fat
surrounding the coronary arteries. In this
study we used two 25% overlapping trans-
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verse slabs of 32 mm thickness, with 16 sec-
tion of 2 mm covering the proximal left and
right coronary arteries. The matrix size was
128 x 256 with a rectangular field of view
of 240 x 320 mm, resulting in an inplane res-
olution of 1.9 x 1.25 mm. The TR was 7.35
ms, the TE was 2.68 ms with a linear incre-
mental flip angle series from 20 to 90°. The
acquisition window (128 ms) was set for mid
to late diastole. Using an oversampling fac-
tor of 4 each slab was acquired in 8-12 nmin-
utes depending on the heart rate.
Retrospective respiratory galing was per-
formed by a navigator echo created with two
excitation bands intersecting at the dome of
the right hemidiaphragm, to measure the
diaphragmatic position before data acquisi-
tion. Each line of data was acquired five
times to ensure complete sampling of the res-
piratory excursion. Data within a range of + |
mm from the gating center were used for
image reconstruction. If none of the acqui-
sitions of a certain data-line were within the
acceptance range, the acquisition obtained at
diaphragm displacements closest to the gat-
ing center were used for image reconstruc-
tion. The total examination time for NAV-
MRCA was around 20 minutes.

Breath-hold 3D MRCA (BH-MRCA)

The VCATS protocol is performed with two
3D MR pulse sequences with two different
objectives: localization and targeted imag-
ing. For the localizer a breath-hold 31 mul-
tishot segmented echo-planar imaging
(TR/TE= 5.55/1.4 ms} sequence covering the
whole volume of the heart is used. Within
this volume the optimal imaging planes
along the coronary arteries are defined.
Targeted breath-hold volumes were then
acquired during 21 heartbeats with a double
oblique 3D segmented gradient echo
sequence (TR/TE=5.3/2.3 ms, flip angle =
14°-34°, Tinear increment) with a matrix of
126 x 256 partial Fourier. The images were
reconstructed using 1[8 k-lines resulting in

a resolution of 2.0 x 1.25 X 1.5 mm. The
acquisition window (110 ms} was set for mid
to ate diastole. Magnetization transfer con-
trast (MTC) preparation and a single chem-
ical shift fat suppression pulse were applied
before the actual acquisition window. Three
volumes were used: a transverse volume cov-
cring the left main (LM) and proximal left
anterior descending (LAD) coronary artery,
a second transverse volume for the proximal
left circumflex (LCX} coronary artery and
a double oblique volume through the right
atrioventricular groove to cover the right
coronary artery (RCA). All acquisitions were
performed with breath-holding during expi-
ration. The total examination time, inchad-
ing the localizer sequence, detcrmination and
acquisition of the targeted volumes was 10-
15 minutes.

MR image analysis

To compare the two MRCA techniques the
vessel diameter and boundary sharpness of
the proximal coronary arteries were meas-
ured by a physicist and a cardiologist and the
average and interobserver variability of
both measurcments are reported. A spatial
profile curve was constructed at approxi-
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Figure 1. Measurement of vessel diameter and
image blur on MRCA. The vessel edge is deter-
mined at 30% of the maximun intensity (1) of the
profile across the vessel. For image blur the
boundary sharpmess was calculated from the slope

Srom 25% to 73% of maximum vessel intensity
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mately 1 cm of the origin of the proximal
coronary arteries where the vessel was for
a longer section within the imaging plane.
The exact distance to the origin was mceas-
ured to ensure the same location was used
in all the measurements of one patient. The
following points were identified: 25%
{dg 25). 50% (dg 50) and 75% (dg 75} of the
peal intensity of the intravascular lumen on
the upstroke side and 50% (d'; 55) on the
downslope side (figure 1). The vessel diam-
eter was defined as the distance between
dy s and d'ly 5 (Diameter = d'lg 59 - dg 50)-
The refative diameter was the diameter from
MRCA divided by the diameter from CAG.
To assess image blur the boundary sharpness
was calculated from the slope from (dg 55)
to (dg.75) by: 0.5/(dy 75 - dy 25).

The proximal LAD and LCX were measured
in transverse images. The proximal RCA was
measured in cranial-caudal direction for BH-
MRCA and in multiplanar reconstruction

{(MPR} images for NAV-MRCA (figure 2).

Conventional coronary angiography
Conventional selective contrast-enhanced
coronary angiography {CAG) was per-
formed using the Judkins technique.” Ofl-
line analysis of at least two orthogonal planes
was performed by an cxperienced observer
using quantitative coronary angiography
(CAAS 1, Pie-medical, Maastricht, The
Netherlands), Calibration was based on
dimensions of the catheters not fifled with
contrast medium. In this system the center-
line of the vessel is first indicated by the
observer with centerline peints and subse-
quently the program recomputes the center-
line. The vessel edges are determined by
computing the first and second derivative
functions of the brightness profile along
scanlines perpendicufar to the centerline.
Final contour detection of a segment is
defined by the application of a minimal cost

Figare 2. Locations (arrow heads) for vessel diameter and image blur measurements in the right
coronary artery (RCA), left anterior descending coronary artery (LAD) and left circumflex coronary
artery (LCX). In patienis with a regular breathing patfern no major differences in vessel sharpness
are visible behveen BH-MRCA (A) and NAV-MRCA (B). Ao = Aarta, RVOT = Right ventricular out-
Flow mract, LM = Left main, RV = Right ventricle.
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algorithm which takes into account all the
intensity and derivative information along
the coronary segment. The vessel diameter
was obtained by an interpolation method
along the coronary segment evaluated.'*"

Statistical analysis

All values are expressed as mean =+ standard
deviation. The inferobserver variability of the
vessel diarneter and slope in MRCA was cal-
culated as the averaged difference between
the two measurements and the 95% confi-
dence intervals (coefficient of repeatability
= 2 x SD)." The paired Student t-fest was
used to determince significance of the dif-
ference between two paired measurements,
an unpaired Student t-fest was used for
unpaired measurements.

RESULTS

In 2 of the 26 paticnts the LCX could not be
visualized with MRCA due to the small ves-
sel size and low signal-to-noise ratio as a
consequence of the distance to the surface
coils. During conventional coronary angiog-
raphy two RCA's were not visualized, one
originating from the [eft coronary cusp, the
other was not properly engaged due to an
aneurysm of the ascending aorta. In one
patient the RCA was not filmed at all. Thus
73 segments (LAP: 26, LCX: 24, RCA: 23)
were available for evaluation. The mean
acquisition time for a single volume by BH-
MRCA and NAV-MRCA was 22 seconds
and 11 minutes respectively. The mean total
acquisition time for BH-MRCA was [4 min-
utes including the setup of the localizer scan
and the determination of the optimal imag-

Bland-Altman plot for vessel diameter by NAV-MRCA
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Figure 4. Comparison between BI-MRCA (A) and NAV-MRCA (B) in a patient with an irregular
breathing pattern with decreased vessel sharpness in NAV-MRCA as assessed with quantitative meas-
urements. Ao = Adorta, RVOT= Right ventricular outflow tract, RV = Right ventricle, LA = Lefi atri-
um, LM = Left main, LAD = Left anterior descending artery, RC4 = Right coronary artery, LCX =
Left circumflex coronary artery.

ing plane for the RCA. The mean acquisi- vessel diameter measurements was 0.18 +

tion time for the two NAV-MRCA slabs was
25 minutes including setup time.

The mean vessel diameter of all vessels in
NAV-MRCA was 3.93 £ .05 mm, in BH-
MRCA 3.56 + 0.74 mm and in CAG 2.97 +
0.68 mm. The interobserver variability for

0.90 mm (coefficient of repeatability = 1.80
mm) for NAV-MRCA and 0.11 + 0.66 mm
{(coefficient of repeatability = 1.33 mm) for
BH-MRCA. Data of the individual vessels
arc listed m Table 1, Both NAV-MRCA and
BH-MRCA significantly overestimated ves-

Table 1. Vessel diameter

NAV-MRCA BH-MRCA CAG

(mm) (%0} (mm) (%) (mm)
RCA 442 +1.35% 144 + 463 3.86 0967 128 +44% 3.16+0.84
LAD 3.83+0.91% 133 +£32 3,53 £0.62% 122 +£23 2.94 +0.55
LCX 3.55 £0.56*% 131 +34 331 =048 121 £26 2.83+0.62
Overall 3.93+ 1.05% 136+ 38 356 £0.741 124 £32 2,97 £0.68

NAV-MRCA = Retrospective respiratory gated magnetic resonance coronary angiography, BH-MRCA
= Breath-hold volume coronary angiography using targefed scans, CAG = Conventional coronary
angiograply, RCA = Right coronary artery, LAD = Lefi anterior descending coronary artery, LCX|
= Left circumflex coronary artery

*p < 0.01 compared to CAG and BH-MRCA, 7 p < 0.01 compared to CAG, | p > 0.05 compared
to LAD and LCX.
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Table 2. Vessel boundary sharpness, Larger
values denote increased sharpness.

NAV-MRCA BH-MRCA
RCA 3.58 + (L.88*F 4.18+0.91
LAD 4.04 £ 0.69% 449 + 0,96
LCX 432 £0.94 4.65+0.88
Overall 3.98+ 0.89* 4.44 + (.93

NAV-MRCA = Retrospective respiratory gared|
magnetic resonance coronary angiography, BH-
MRCA = Breath-hold volume coronary angiog-
raphy using targeted scans, RCA = Right coro-
nary artery, LAD = Lefi anterior descending
coronary artery, LCX = Left circumflex coronary
artery

¥ p < Q.05 compared to BH-MRCA, ¥ p<0.05

conmpared fo LAD + LCX,

sel diameter compared to CAG (NAV-
MRCA: +0.96 =+ 0.92 mm, BH-MRCA:
+0.59 £ 0.66 mm, p<0.01, figure 3). Vessel
diameter was larger with a wider confidence
interval in NAV-MRCA compared to BI-
MRCA (p<0.01). The relative vessel diam-
eter of the RCA was larger compared to the

LAD and CX diameters, although this was
not statistically signiticant (p=0.23).

The difference in vessel sharpness between
NAV-MRCA and BH-MRCA is illustrated
in figures 4 and 5. The vessel boundaries
where sharper in BH-MRCA compared to
NAV-MRCA (BI-MRCA: 4.44, NAV-
MRCA: 3.98, p<0.00). The interobserver
variability for vessel boundary sharpness was
(.08 + 1.08 (coetficient of repeatability =
1.26) for NAV-MRCA and 0.10 = 1.08 (coef-
ficient of repeatability = 2,16} for BH-
MRCA. The boundaries of the RCA with the
MRCA-NAYV sequence were significantly
(p=0.01} less sharp compared to the LAD
and LCX, but with the BH-MRCA sequence
this difference was not significant {Table 2).
In a separate analysis of transverse images
only, where the LAD and L.CX run in-plane,
the vessel diameter in MRCA-NAYV was still
significant larger compared to BH-MRCA
(NAV-MRCA: 3.71 £0.61 mmm, BH-MRCA:

Figure 5. Comparison between BH-MRCA (4) and NAV-MRCA (B). Even without quantitative meas-
uremenis the difference in image quality is clearly demonsirated. LA = Left atrivm, LM = Left main,
LAD = Lefi amterior descending artery, RCA =Right coronary artery, LM = Left main coronary artery.
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3.43 £ 0.30 mm, p<0.01). The vessel bound-
ary in these images were significantly
sharper in BH-MRCA compared to MRCA-
NAV (BH-MRCA: 4.56, NAV-MRCA: 4.14,
p<0.01}.

DISCUSSION

In this study image quality of two differcnt
MRCA techniques was quantified by meas-
uring the vessel diameter and the boundary
sharpness. The vessel diameters were com-
pared with conventional coronary angiog-
raphy which served as the gold standard.
Measurements in two different projections
of the CAG were used to approximate the
true coronary fumen. MRCA-NAV signifi-
cantly overestimated vessel diameter and
vielded less sharp defined vessel boundaries
than breath-hold imaging. This may be
explained by the inappropriate retrospective
gating algorithm in which only 30 to 40%
of the k-lines are acquired within a 2 num gat-
ing window, whereas the remaining k-lines
are selected at a diaphragm displacement
which is closest to the gating center and thus
may result in blurred images. Prospective
respiratory gating may improve image qual-
ity for free breathing MRCA > 1n clinical
practice prospective respiratory gating may
be of limited value due to the unpredictable
and often long scanning time and the slow
feedback makes it difficult to judge and if
necessary to correct image quality.

The significant difference in vessel bound-
ary sharpness and the overestimation of the
RCA diameter in cranial-caudal direction
may be explained by the motion of the ves-
sel with respiration which is larger in cranial-
caudal direction then the anterior-posterior
motion of the LAD and LCX."™ The differ-
ence of the RCA diameter measurements
between the two techniques is probably
mcreased by the difference in the resolution
of'both techniques. The images on the RCA
with BH-MRCA are obtained with maxi-
mum resolution in cranial-caudal direction

{1.25 mm), while the NAV-MRCA used
MPR with resolution of 2 mm in the cranial-
caudal direction. The effect of respiratory
motion on the diameter and boundary sharp-
ness of the RCA should ideally be compared
with BH-MRCA using double oblique imag-
ing for both techniques. To minimize the
effect of resolution on the results we per-
formed a separate analysis for transverse
images where the inplane resolution is the
same. These analysis confirmed our con-
clusions that BH-MRCA provides sharper
images with a more realistic vessel diame-
ter then NAV-MRCA.

The slight overestimation of BH-MRCA
over CAG may result from residual blur dur-
ing cardiac motion or involuntary respiratory
motion, Other 2D-MRCA sequences also
showed an overestimation of 0.2 + (1.5 mm
of vessel diameter by MR.M* It remains to
be determined at which level of peak-inten-
sity one determines the coronary boundary.
The diameter taken at 50% of the peak inten-
sity seems to overestimated vessel diameter,
whereas for breath-hold 2D-MRCA the
diameter at 65% of the peak intensity cor-
responded best with CAG.* We demon-
strated that vessel diameter in MRCA is
dependent on the technique used, and in our
opinion the vessel size overestimation in
breath-hold 2D-MRCA is also due to resid-
val image blur from motion during the acqui-
sition of 100 ms and 25 second breath-hold.
Some limitations were present in this study.
MTC preparation which suppress the signal
from the myocardium may also suppress sig-
nal from the vessel wall.** This was only
applied in the BH-MRCA sequence, where
it was present in the original VCATS
design®” while it was not applied in NAV-
MRCA therefore this may have selectively
improved the VCATS mcasurements.

The vessel diameters have been related to
quantitative CAG, which served as the stan-
dard of reference. The quantitative CAG
algorithm has shown to be quite accurate
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with a precision of 0.18 mm, although a ten-
dency to underestimate large diameter (> 3
mim) was present’® which are the vessel sizes
measured in this study.

CONCLUSION

Breath-hold MRCA with VCATS results in
a more realistic vessel diameter with better
definition of the vessel boundaries than ret-
rospective respiratory gated MRCA, VCATS
is recommended as the most optimal MRCA
sequence in patients who are able to suspend
their breath for 20 seconds. The navigator
techniques should be used in patients who
have difficulty in withhoiding their breath for
a sufficient long period.
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ABSTRACT

Purpose:

To assess the clinical value of a magnetic resonance (MR) coronary angiography strategy
mvolving a small targeted volume to image one coronary segment in a single breath hold
for the detection of greater than 50% stenosis.

Materials and Methods:

Thirty-eight patients referred for elective coronary angiography were included. The coro-
nary arteries were localized during single-breath-hold, three-dimensional imaging of the
entire heart. MR coronary angiography was then performed along the major coronary branch-
es with a double-oblique, three-dimensional, gradient-echo sequence. Conventional coro-
nary angiography was the reference-standard method.

Results:

Adequate visualization was achieved with MR coronary angiography in 85%-91% of the
proximal coronary arterial branches and in 38%-76% of the middle and distal branches.
Overall, 187 (69%) of 272 segments were suitable for comparison between conventional
and MR coronary angiography. The diagnostic accuracy of MR coronary angiography for
the detection of hemodynamically significant stenoses was 92%; sensitivity, 68%; and speci-
ficity, 97%. The sensitivity in individual segments was 50%-77%, whereas the specifici-
ty was 94%-100%.

Conclusion:

Adequate visualization of the major coronary arterial branches was possible in the major-
ity of patients. The observed accuracy of MR coronary angiography for detection of hemo-
dynamically significant coronary arterial stenosis is promising, but it needs to be higher
before this modality can be used reliably in a clinical setting.
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INTRODUCTION

Magnetic resonance {MR) coronary angiog-
raphy has undergone numerous develop-
ments during the past decade. Alternative
techniques account for multiple two- and
three-dimensional (3D} protocols with
breath-hold and free-breathing approaches,
or a combination of both.”* The clinical data
reported®® have been hampered mainly by
technical problems that include blwring, long
imaging times, inadequate coronary arteri-
al coverage, and misregistration.'*" We pre-
viously described a methodology to address
some of these problems by using a breath-
hold, targeted-volume imaging approach—
that is, volume coronary angiography with
targeted volumes (VCATS)—to image par-
ticular coronary arterial segments with rea-
sonable resolution and thus identify hemo-
dynamically significant stenoses.” With
targeted-volume imaging, data are acquired
with optimal orientations along the coronary
arterial branches of interest obtained from a
single-breath-hold, low-resolution sequence
for the entire volume of the heart, The pur-
pose of this study was to assess the ability
of VCATS to enable visualization of the
major coronary arteries and the accuracy of
this technique in the detection of stenosis,
with conventional coronary angiography
used as the standard of reference.

MATERIALS AND METHODS

Patients

The study population consisted of 38 patients
(11 women, 27 men; age range, 43-72 years)
who were referred for coronary angiography.
Two cardiac research slots per week were
available at our MR imaging site, Patients
scheduled for elective coronary angiography
were approached to participate in the MR
coronary angiography study, The first two
patients who agreed were scheduled to fill
the available research slots. Exclusion cri-
teria wete previous coronary bypass surgery,

intracoronary stent implantation, artificial
pacemakers, intracranial clips, atrial fibril-
lation, severe claustrophobia, and severe lung
disease that restricted breath-holding capa-
bility to [ess than 30 seconds. The study pro-
tocol was approved by our hospital com-
mittee on medical ethics and clinical
investigation. Written informed consent was
obtained from all patients prior to the MR
imaging examinations.

MR imaging

The studies were performed with a 1.5-T
whole-body MR imaging system (Magnetom
Vision; Siemens, Erlangen, Germany).
Patients were placed in a supine position, and
a four-channel quadrature phased-array
body coil was placed over the thorax.
Electrocardiographic electrodes were always
sct over the anterior part of the thorax and
readjusted, if necessary, to obtain reasonable
amplitude and clean signal trace in the mon-
itoring unit after the patient was placed inside
the magnet bore. Afier patient posilioning,
the magnetic field homogeneity over the tho-
rax and heart was assessed to obtain uniform
fat suppression in sequences that involved
chemical shift fat suppression. This assess-
ment was performed by comparing two
three-plane, single-shot spin-echo train
tmaging {HASTE; Siemens) localizer
sequences with and without a chemical shift
fat suppression pulse applied. When the
reduction of fat signal intensity was deemed
inadequate, the shim currents were manip-
ulated and the single-shot spin-echo train
imaging localizer sequence with chemical
shift fat suppression was repeated until sat-
isfactory results were obtained.

To start the coronary focalization procedure,
a 3D single-breath-hold, multishot, seg-
mented, echo-planar sequence was used to
image the entire heart, with a 120-mm sec-
tion obtained at end expiration. The data
were subjected to multiplanar evaluation to
determine the optimal imaging planes for the
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major coronary arterial branches (Table 1,
Figure 1). This localization process has been
described in detail previously.” Seven ori-
entations were obtained with multiplanar ref-
ormation before imaging with the breath-
hold VCATS protocol proceeded.

Targeted-volume coronary angiography was
performed with a 3D, double-cblique, seg-
mented, gradient-echo—that is, turbo fast
low-angle shot (TurboFLASH; Sicmens)—
sequence (5.3/2.3 frepetition time msec/echo
time msec], incremental flip angle, 21 lines
per segment, 110-msec acquisition window).
A 24-mm-thick section (seven encoded par-
titions, 16 reconstructed by zero filling) was
used with a [26 x 256 mairix and partial
Fourier reconstruction. The imaging time
was 21 heartbeats, and the imaging window
coincided with middle-to-late diastole. The
field of view was maintained constant at 240
x 320 mm?2, providing a resolution of 1.9 x
1.25 x 1.5 mm?. Magnctization transfer frra-
diation for myocardium-blood contrast-to-
noise ratio enhancement (irradiation dura-
tion, 500 msec) and a single chemical shift

Figure 1. Drawing illustrates breath-hold 3D
imaging of the coronary arteries with VCATS pro-
tocol. Different volumes are targeted for u
detailed examination of selected coronary arte-
vial segments. The major coronary segments can
he imaged during seven breath holds. Four exam-
ples of possible angulations (rectangles) are illus-
trated. LAD = left anterior descending coronary
artery, LM = left main coronary artery, RCA =
right coronary artery.

Table 1. Routine  Targeted  Volumes

Acquired and Coronary Segments Covered

No.* Coronary segment evaluated

I Plane along LM, proximal LCX, and
proximal LAD (transverse)

2 Plane of proximal RCA (fransverse)

3 Plane along distai RCA and PDA
{oblique)

4 Plane through aortic root and proximal
RCA and leftmain (obligue)

5 Plane along LCX (oblique)

6 Plane along distal LAD (oblique)

7 Plane along middie portion of RCA
(oblique)

Note.-LM = Left main coronary artery, LAD = Left
anterior descending artery, LCX = Left circumflex

artery, RCA = Right coronary artery, PDA =
Posterior descending artery.

fat suppression pulse were applied before
data collection for each cardiac window. The
orientation prescriptions were manually
registered into the measurement platform for
each targeted MR coronary angiogram.
Breath holding was performed at end expi-
ration to achieve position and plane repro-
ducibility with respect to the multiplanar ref-
ormation data gencrated by using the volume
localizer.

The breath-hold quality was assessed on
every attempt by observing the ghost artifacts
of the anterior thoracic wall over the heart.
In case ghost artifacts appeared, repeated
imaging of a particular volume was allowed.
If severe ghost artifacts were present and the
patient couid not hold his or her breath ade-
guately within four attempts, he or she was
regarded as nonsuitable for the imaging pro-
cedure and thus excluded from the study.
To improve coronary arterial depiction on the
volume localizer image, superparamagnetic
iron oxide particles (AMI-25 [Endorem];
Laboratoire Guerbet, Roissy, France) were
administered as a suspension containing 89.6 mg
of iron (11.2 mg/mL) diluted in 100 mL of iso-
tonic ghicose solution. The solution was admin-
istered in a slow drop infuston for 30 mimutes.
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Conventional Coronary Angiography
All subjects underwent selective coronary
arterial angiography by means of the Judkins
technique" within | month before or after the
MR examination. Two experienced cardiol-
ogists (B.JWM.R,, PJ.dF) jointly inter-
preted the angiograms. The coronary tree
was divided into proximal, middle, and dis-
tal segments according to American Heart
Association guidelines." Under these guide-
lines, the left main coronary artery has a sin-
gle segment. The proximal segment of the
left antertor descending artery extends from
the bifurcation to the first septal branch. The
nmiddle segment of the [eft anterior descend-
ing artery extends from the first to the third
septal artery, whereas the distal segment
extends from the third septal artery to the
apex. The lell circumflex coronary artery is
divided into three segments by the first and
second marginal branches. The proximal seg-
ment extends from the bifurcation to the first
marginal branch, the middle segment extends
from the first to the second marginai branch,
and the distal segment extends from the sec-
ond marginal branch to the posterior lateral
branch. The proximal right coronary artery
extends from the origin to the first large acute
marginal branch, the middle segment extends
from the first to the third acute marginal
branclt, and the distal segment extends from
the third acute marginal branch to the pos-
terior descending branch. These segments
were visually graded as either having no
hemodynamically significant disease—that
i3, less than 50% diameter stenosis—or hav-
ing hemodynamically significant disease—
that is, greater than 50% diameter stenosis.
In cases of disagreement, a third cardiolo-
gist made the final decision.

MR Image Interpretation

From each targeted volume, 16 source
images in a dynamic loop (Movie 1,
http:Hradiology.rsnalinls.orgicgl/content/full
7217/17270/DCI) were analyzed independ-

ently by a cardiologist (R.JM.v.G.) and a
radiologist (H.G.d.B.), who were unaware of
the cardiac catheterization results. In cases
of disagreement, consensus was achieved in
a joint session with a third investigator
(M.0.). Of all the coronary segments defined
in the American Heart Association guide-
lines, only eight segments—those of the left
main artery; proximal and middle left ante-
rior descending arteries; proximal and mid-
dle left circumftlex coronary arteries; and
proximal, middle, and distal right coronary
arteries—were included in this study. This
selection resulted in the evaluation of 272
segments in 34 complete patient studies.
These segments were regarded as assessable
if overlapping structures (ie, veins, peri-
cardium, and unsuppressed fat), image blur-
ring, and/or ghost artifacts could be distin-
guished from the vessel itself. The segments
included in more than one volume were
finally evaluated in the volume with the best
image qualily. The assessable segments
were graded as either not having hemody-
namically significant diameter stenosis
(<50%) or having hemodynamically signif-
icant stenosis (>50%).

To investigate the possibilities of integrating
the coronary arterial path within a targeted
volume into a single image, data sets werc
reconstructed by using a volume-rendering
program  {voxelview; Vital Images,
Minneapolis, Minn} that was run on a ded-
icated graphic workstation {Indigo2; Silicon
Graphics, Mountain  View, Calif).
Scgmentation was required to eliminate
unwanted structures and view the coronary
segment from any viewing angle and thus
better assess the presence of any detected
stenoses at the initial review. Volume-ren-
dered data were not evaluated for their addi-
tional diagnostic value, but rather this tech-
nique was used strictly as an exploratory tool
to conjecture about the possible likeness of
volume-rendered images to the correspon-
ding coronary angiograms.
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Statistical Analyses

Conventional coronary angiography served
as the standard of reference for determining
the diagnostic value of MR coronary angiog-
raphy. The diagnostic value for the detection
of hemodynamically sigaificant (>50%
diameter) stenosis in a segment was
expressed in sensitivity, specificity, positive
predictive, negative predictive, and diag-
nostic accuracy values,

RESULTS

The mean interval (£ SD) between cine-
mode angiography and MR coronary angiog-
raphy was 10 days + 7. In four of the 38
patients who agreed to participate in this
study, the MR examination was not com-
pleted owing to hardware problems (n=1),
unexpected claustrophobia (n = 2), or inabil-
ity to suspend respiration for 21 heartbeats
according to the study design (n = 1). Thus,
MR imaging studies were performed in the
remaining 34 subjects with minor technical,

operational, and patient-related problems.
The mean attempted number of volumes (+
SD) collected per patient was 10.0 = 2.3.
The minor technical difficulties included
problems performing good electrocardio-
graphic tracing in three (9%) paticnts and
mistriggering from imaging gradient-induced
interference in some volume orientations in
30 (8.8%) of 340 measurements. Incomplete
fat suppression within the set of volumes col-
lected per patient was aiways present fo a
certain degree, and it was prevalent in the
distal portion of the left anterior descending
artery. Operational problems included input
errogs in the volume orientation prescription
in cight (2.4%) of 340 measurements.
Patient-related problems were those due to
an inconsistent breath-hold position with
respect to the volume tocalizer in 17 (5.0%)
of 340 measurements and incomplete acqui-
sition of all targeted volumes in two patients
(five [1.5%] of 340 measurements).
Because of the fast feedback on the data

Figure 2. In « and b, Ao = aorta, PA = pulmonary artery. (A) Double-oblique, 3D, breath-hold, seg-
mented, gradient-echo MR images (TurboFLASH, 5.3/2.3, incremental flip angle, 21 lines per seg-
arent, 110-msec acquisition window, 1.9 % 1.25 X 1,5-mm resolution with interpolation by zera fill-
ing) of the middle segment of the right coronary artery in a 45-year-old man. Three consecutive sections
show the continuation of a nondiseased tortuous vessel (arrows) through the volume. LV = leff ven-
tricle, RV = right ventricle. (B) Transverse targeted-volume images of the left main (LA and prox-
imal left anmterior descending (LAD) arteries in a 45-year-old women.
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acquired, corrections were directly applied
to acquire the desired volume; this resulted
n 100% data collection in the segments stud-
ied. The mean (+ SD) breath-hold time per
acquired targeted volume was 23 + 4 sec-
onds. The acquisition of the volume [ocal-
izer image, selection of the optimal planc
location and orientation of the targeted vol-
umes with multiplanar reformation, and
acquisition of the targeted-volume images
were consistently completed in less than 30
minutes. Of the 272 possible coronary arte-
rial segments in the 34 patients, 187 (69%)
were deemed to be assessable by using MR
coronary angiography. The range of assess-
ability varied substantially, from 91% for the
left main coronary artery to 38% for the mid-
dle left circumflex coronary artery. The
resultant data on the assessability of indi-
vidual segments are listed in Table 2.

The conventional coronary angiograms
showed hemodynamically significant steno-
sis in 23 patients—three-vessel disease in
three patients, two-vessel disease in 10, and
single-vessel disease in another 10. Overall,
41 stenoses were present in the eight major

Table 2. Assessability of different coronary
artery segments by MR-coronary angiogranly.

Segment Assessability*
RCA-prox 29 (85%)
RCA-mid 22 (65%)
RCA-dist 17 (50%)
LM 31 (91%)
LAD-prox 31 (91%)
LAD-mid 26 (79%)
LCX-prox 18 (53%)
LCX-mid 13 (38%)

*Data are numbers of patients in whont the giveir
segment was assessable with MR coronary
angiography, bused on a total of 34 patients.
Ninmbers in purentheses are percentages. LAD =
lefl anterior descending coronary artery, LCX =
feft circumflex, LM = left maincoronary artery,
RCA = right coranary arteiy.

Figure 3. (A) Double-oblique, 303, breath-hold, segmented, gra-
dient-echo images (TurboFLASH, 5.3/2.3, incremental flip angle,
21 {ines per segment, 110-msec acquiisition window, 1.9 X .25 X
L5-mm resolution with interpolation by zero filling) of the right coro-
nery avtery (solid arrows) in a 72-year-old man. Three consecutive
sections demonstrate the presence of hemodynamically significant
stenoseys (open arrows) followed by complete occlusion. Ao = aortu,
RV = right veniricle. (B} Corresponding conventional coronary
angiogram shows the stenoses (arrows).

coronary arterial branches. Thirty-one of
these stenoses were located in the 187 assess-
able segments, and 10 were in the nonassess-
able segments (Table 3). Two examples of
targeted-volume images of nondiseased ves-
sels are shown in Figure 2. Examples of two
stenoses n the right coronary artery are
shown in Figure 3. An example of stenosis
of the feft anterior descending artery segment
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is shown in Figure 4,

The findings for the detection of hemody-
namically significant stenosis (>30% of
obscrvable diameter) are summarized in
Table 4. The scnsitivity of MR coronary
angiography ranged from 50% to 77%, and the
specificity ranged from 94% (o 100%. The
overall sensitivity and specificity were 68% and
97%, respectively, with an accuracy of 92%.

DISCUSSION

Despite all the technical improvements in
MR imaging during the past decade, MR
coronary angiography remains a challenging
ctinical investigation. Many techniques have
been explored to date; these include two-
dimensional breath-hold, single-section, gra-
dient-ccho and 3D free-breathing, respira-
tory-pated, gradient-echo acquisitions. These
techniques have their advantages and dis-
advantages. Although two-dimensional
breath-hold techniques are tast and provide
immediate feedback to the imaging opera-
tor, image and section misregistration
between scveral acquired sections along a

Table 3. Relation between angiographic sta-
tus of coronary arterial segments and assess-

ability by MRCA,

Lesion Lesion

Absentat  Present at
MR Tmaging Angiography Angiography Total
Asscssable 156 31 187
Nonasscssable 75 10 85
Total 231 41 272
Note.—Data are munibers of coronary arterial
segments. J

coronary arterial segment of interest can lead
to an inaccurate measurement of stenosis in
a tortuous coronary segment. This problem
has been addressed by using free-breathing
MR coronary angilography (ic, retrospective
and prospective gated navigator 3D imaging}
techniques that enable imaging of a larger
volume with a better signal-to-noise ratio
{SNR) and good data consistency for diag-
nosis in a 3D reconstruction piatform after
data have been acquired {using multiplanar
reformation or volume rendering).
Nonetheless, free-breathing MR coronary
angiography has a major drawback in terms

Figure 4. (A} Transverse, 3D, segmented, gradient-echo images
(TurboFLASH, 5.3/2.3, in-cremental flip angle, 21 lines per seg-
ment, H0-msec acquisition window, 1.9 X 1.25 X 1.5-mm resolir-
tion with inferpolation by zero filling) of stenovsis (open arrows)
of a proximal left anterior descending coronarv artery (LAD) in
a §1-year-old man. do = aorta, GCV = great cardiac vein, LM =
left main coronary artery, PA = pulmonary artery.

(B) Corresponding convenitional coronary angiogram shows the
SIenosis (arrow).
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50% Diameter Stenosis

Table 4, Diagnostic accuracy of MR Coronary Angiography for Detection of Greater than

Segments  Visnalized  # slenoses  Sens. Spec. PV+ PV- Acc
LM+LAD 88 (86%) 13 77% 97% 83% 96% 94%
RCA 68 (67%) 14 64% 94% 75% 1% 88%
LCX 31 (46%) 4 50% 100% 100% 93% 94%
Overall 187 (69%) 31 68% 97% 81% 94% 92%

ages for a given segment in Table 2,

Note. — LAD = left anterior descending coronary artery, LCX = left circumflex coronary artery,
LM = lefi main coronary artery, RCA = right coronary arlery, NPV = negative predictive value,
PPV = positive predictive valie, Ace = diagnostic accuracy.

* Data are the combined numbers of segments that could be assessed at MR coronary angiography
(see Table 2). Numbers in parentheses are perceitages, calcilated y averaging the sum of perceni-

of acquisition slowness, which results in poor
operator feedback in cases in which imag-
ing must be repeated when image detail loss
oceurs owing to an inconsistent respiratory
pattern during the acquisition. However, MR
imaging operator expertise is less relevant
with 3D measurements than with two-
dimensional breath-hold measurcments.

In this work, we evaluated our initial clini-
cal experience with a breath-hold VCATS
protocol that aims to address some of the
known difficulties with MR coronary
angiography described earlier. Breath-hold
acquisitions reduce breathing artifacts,
whereas the use of a small imaging volume
yields the data consistency required to eval-
uate MR coronary angiographic data sets for
specific coronary segments. In addition, with
the 3D nature of the VCATS measurement
sequence described, there is the potential to
compensate for the SNR loss in faster acqui-
sition scenarios. Nonetheless, all MR coro-
nary angiography techniques must account
for the superposition of motion of the coro-
nary vessels during cardiac contraction,
which leads to the loss of image detail, and
the resolution and SNR deficiencics that are
inherent to MR imaging and limit the accu-
rate depiction of the small caliber of the coro-
nary vessels and possibie stenoses. Because
images are formed from composite data col-
lected during many heartbeats, slow or sud-
den alterations in the cardiac rhythm during
the acquisitions can fead to additional Joss

of vessel detail.

Breath-hold MR coronary angiography was
possible in the majority of patients in this
study. Patients with known severe pulmonary
disease were excluded in the selection
process; this resulted in the acquisition of
more reproducible data from cooperative
individuals. The free-breathing MR coronary
angiography technique with navigator gat-
ing may have been a suitable imaging alter-
native in the excluded patient population.
Claustrophobia and inadequate electrocar-
diographic tracing—the latter of which is
associated with small amplitude of the R
wave and prone to interference from imag-
ing gradient activity—were among the fac-
tors that resulted in the late exclusion of
patients and reduced efficiency during imag-
ing. These limitations may improve with the
availability of short-bore dedicated cardiac
MR imaging systems and optical-transmis-
sion electrocardiographic electrodes '™
We believe that in this study with the
described MR coronary angiography tech-
nique, we achieved a promising level of sen-
sitivity and specificity in the detection of
hemodynamically significant coronary arte-
rial stenosis in the symptomatic patient group
that was selected. Such patients have a high
preexamination likelihood of having coro-
nary arterial stenosis. In general, it is impos-
sible to predict the sensitivity and specifici-
ty of a diagnostic examination in patients
who are less strictly selected. In addifion, the
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Figure 5. Fulse-negaiive findings of stenos

. {A) Dm.vb[e—ob.’-fque, 3D, breath-hold, segmenied, gra-

dient-echo image (TurboFLASH, 5.3/2.3, incremental flip angle, 21 lines per segment, 11 0-msec acqui-
sition window, 1.9 125 > . 5-mm rvesolution with interpolation by zero filling) of the vight coro-
nary artery in a 44-yeair-old woman. The clearly defineated vessel (arrows) seems to be patent for
at feast 5 em. Ao = gorta, LV = left ventricle, PA = pulmonery artery, RV = right veniricle.
(B) Corresponding conventional coronary angiogram shews the vessel in a (open and solid arrows)

with an occluded middle segment {open arrow).

results could have changed substantially with
the exclusion of nonassessable segments.
This was hinted at by the number of
stenoses detected by using VCATS—only 2]
{51%} of the 41 stenoses detected in total at
conventional angiography. Additional points
regarding the study setup must be clarified.
The MR sequence selected for VCATS is not
without limitations. First, the SNR that 18
considered adequate for diagnosis limits the
submillimeter resolution that is possible with
the described sequence (minimum true
voxel size for 21 heartbeats, 1.30 x 0,95 x
2.5 mm3). In practice, an image with lower
resolution is feasible, and only vessels with
a diameter larger than approximately 2 mm
are suitable for evaluation. At present, with
conventional coronary angiography, a reso-
lution of 0.1 mm can be obtained and
stenoses of high (>70%) and moderate
(50%-70%) grades can be differentiated.
Theretore, with the current resolution setting
in the VCATS protocol, no specific grading
of MR angiograms can be attempted.

Second, our MR coronary angiograpiy
technique and that of many others are pro-

ton density weighted in nature {(due to the
long magnetization recovery period between
data acquisitions, the presence of inflow, and
imaging with an incremented flip angle
series}, despite the additionaf application of
magnetization transfer contrast irradiation fo
improve myocardial and perhaps plaque sig-
nal suppression. Therefore, false-ncgative
results (Figure 5) can be expected, with a
normal appearance of the coronary segment
at MR corenary angiography and completc
occlusion on the corresponding conventional
coronary angiogram, The effects of magne-
tization transfer contrast irradiation on ath-
erosclerotic plaque have been investigated by
Pachot-Clouard et al.” This group suggests
that magnetization transfer contrast irradia-
tion-induced signal drop occurs in athero-
sclerotic plaque components with an effect
that is more pronounced for the fibrous cap
and media than for the lipid core and adven-
titia. Nonetheless, with the present setup, in
which triggered images are used, it is diffi-
cult to define the exact contribution of mag-
netization transfer contrast irradiation in sig-
nal attenuation from plaque for different
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Figure 6. Fulse-positive findings of stenosis. (4) Transverse, 3D, segmenied, gradient-echo images
(TurboFLASH, 5.3/2.3, incremental flip angle, 21 lines per segment, 110-msec acquisition window,
L9 125 X 1. 5-nmm resofution with interpolation by zero filling) through the proximal right coro-
aary artery in a 7 1-year-old man. On four conseculive sections, the right coronary artery (open arrow)
seems (o be occluded bevond 0.5 cm of its origin (solid arrows) owing to incomplete fal suppression
and partial Fourier reconstruction. do = aoréa, LA = leflt atrium, LV = lefi venivicle, PA = pulmonary
artery, (B) Corresponding comvenitional coronary angiogram shows the vessel to be patent.

cardiac rafes.

Third, it was difficult to achieve complete
fat suppression in all coronary segments.
Remnant nonsuppressed fat can induce par-
ticular artifacts, such as bluring, vessel shift,
and thin dark lincs when partial Fourier
reconstruction is used. These artifacts can
have a major role in the diagnosis of par-
ticular coronary segments and, if the reader
is not well aware of the limitations, render
a segment nonassessable, as demonstrated
a false-positive case in our study (Figure 6).
The addition of the partially intravascutar
superparamagnetic iron oxide contrast medi-
um produced some T shortening in blood;
however, this may not substantially change
the resultant SNR using a small targeted vol-
ume mainky obtained with proton density
weighting, in which enough longitudinal
magnetization recovery and inflow effects
combined reduce the overall effectiveness of
any confrast medium that is present in blood.
The T1 shortening obtained did provide sub-
stantially better SNR results on the volume
localizer images, because a larger volume of
blood was saturated with every heart cycle

and inflow effects of fully magnetized
blood spins were not expected. The super-
paramagnetic iron oxide contrast medium
remains approximately 10%-20% intravas-
cular, with an approximate T1 relaxation
time of 400-700 msec, which is stable for
several hours after the initial infusion.

Visualization of the left circumflex coronary
artery is difficult with all MR coronary
angiography techniques, and the present pro-
tocol cannot completely solve this problem.
One problem arises from the lower SNR
caused by the relatively large distance
between the left circumflex coronary artery
and the surface coils placed around the chest
wall. In addition, the close relation between
the left circumflex coronary artery, the coro-
nary sinus, and the auricle of the left atrium
hampers evaluation of the vessel owing to
the lack of resolution and insufficient SNR
and contrast-to-noise ratio, Furthermore, the
application of magnetization transfer contrast
irradiation for an improved contrast-to-
noise ratio between the myocardium and
blood pools is not without consequences.
Magnetization transfer contrast irradiation
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Figure 7. (A) Right amterion, volume-rendered, double-oblique, 3D, breath-hold, segmented, gradi-

ent-echo image (TirboFLASH, 5.3/2.3, incremental flip angle, 21 lines per segment, 110-msec acqui-
sition window, 1.9 X 1.25 X 1.5-mum resolution with interpolation by zero filling) of a targeted vol-
ume of a nondiseased right coronary artery (arrows) in a 43-year-old man. Ao = aorta, R4 = right
atrium, RV = right ventricle. (B) Anterior cranial voliume-rendered image of a targeted volume of
the aortic root in the same patient. Ao = aorta, LAD = left anterior descending coronary artery,
LCX = left circumflex coronary artery, RCA = right coronary artery, RVOT = righi ventricular out-

Slow traet.

increases the specific absorption ratio in the
patient and reduces the SNR that may be
achievable in blood without its application.
The application of volume rendering tech-
nigues makes it possible to integrate the 3D
course of a coronary segment on a single
image. This appears to be useful for delin-
eating the coronary anatomy, as dermon-
strated in Figures 7-9, and helping to iden-
tify coronary esions from any viewing angle.

Nonetheless, postprocessing adds apprecia-
ble time to the overall examination, Data
transter to a specialized workstation and the
preparation of data by segmenting the
unwanted structures before acquiring the
final volume-rendered image can be time
consuming. Manual segmentation requires 5-
15 minutes for each volume; therefore, no
atternpt was made to render all seven vol-
umes collected in each patient. However, the

Figure 8. Right anterior, volume-rendered,
double-oblique, 3D, breath-hold, segment-
ed, gradient-echo image (TurboFLASIH,
5.3/2.3, incremenial flip angle, 21 lines per
. segment, 11(Fmsec aequisifion window, 1.9
X 1.25 X 1 5-mm resolution with interpo-
lation by zero filling) (right) and corre-
sponding conventional coronary angiograr
(left) of u targeted volume of u right coro-
nary artery it a 5 7-year-old man show two
hemodynamically  significani stenoses
(ervows}. RA = right atrivm, RV = right
veitricle,
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Figure 9. Anterior volume-rendered image (1.9
X 125X . 5-mm resolution with interpolation by
zero filling) of the right coronary artery in the
patient in Figure 3 with hemodynamically sig-
atficant stenoses (arrows) followed by complete
occlusion. Ao = aorta, RV = right ventricle.

use of improved software may substantial-
ly reduce this manipulation time to make this
display utility suitable for routine use,

In total, 72 targeted volumes in 25 patients
were reconstructed with volume rendering
and believed to cnable proper visualization
of the coronary segment in question com-
pared with conventional angiography. The
settings for the voxel opacity (or trans-
parency) were manipulated to demonstrate
an appearance of features similar to that on
conventional angiograms, because the effects
of the signal intensity distribution obscrved
during review of individual sections of the
corresponding VCATS volume were not
known a priori. Therefore, the volume-ren-
dered data on the diseased vessels present-
ed in Figures 8 and 9 were obtained retro-
spectively on the basis of findings on the
conventional angiograms. This procedure
was feasible in this preliminary study
because the volume rendering technique is
fairly new and has not been adequately
assessed for MR imaging data sets, espe-
cially with signal intensity histograms and
signal intensity ranges that are different in

cach targeted coronary volume. This is in
contrast to the more routine volume render-
ing processing performed on CT data, in
which attenuation value ranges (in HU) in
tissues are predictable to well known and, in
turn, provide a well-defined intensity his-
togram. However, MR data are heavily
dependent on the reception pattern of the coil
array surrounding the thorax—that is,
dependent on patient size. No attempts to
correct the signal intensity profile of each
phased-array coil and thus homogenize the
image data were made; therefore, the volume
rendering settings were an operator-related
choice.

In spite of many measurement difficulties,
the visualization on and quality of the images
in this initial evaluation were encouraging
enough to warrant continued, more extensive
clinical trials with the proposed VCATS
methodology. The proposed protocol is
practical for a clinical setup and provides the
means for fast assessment of the coronary
arteries with acquisition times of less than
30 minotes. We envision that further
improvements in the presently used MR
pulse sequence that yield better signal-to-
noise and contrast-to-noise ratios and better
resolution with a shorter breath-hold time
will substantially help increase the sensitiv-
ity and specificity of the approach. On the
basis of theoretical estimates,’® the addition
of intravascular contrast media that provide
very short T1 relaxation times in blood (<40
msec) can facilitate some of the improve-
ments'® needed to consider the routine use of
a VCATS protoco! for the evaluation of coro-
nary arferies. Furthermore, contrast media
may improve the differentiation between the
vessel lumen and coronary arterial wall by
enabling the acquisition of only & lumino-
gram. In conclusion, the described
VCATS protocol makes it possible to local-
ize the major coronary arterial branches in
a short examination time, and the observed
degree of accuracy in the detection of
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hemodynamically significant stenoses with-
in these branches is encouraging. The select-
ed measurement sequence for VCATS needs
improved SNR and spatial resolution with
shorter measurement times to facilitate a
more adequate scenario for coronary arteri-
al assessment on a broader scale. We envi-
sion that further refinements in the hardware
and software in MR cardiac machines and
the introduction of T1-efficient intravascu-
lar contrast media will constderably augment
the dependability of the proposed method-
ology.
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ABSTRACT

Background:

So far the patency of coronary artery bypass grafis by magnetic resonance imaging was
assessed on cross-section images located in a proximal part of the graft. More comprehensive
imaging over the entire length, particular in sequential grafts, is desirable. A recently intro-
duced breath-hold magnetic resonance technique using targeted volume scans (VCATS)
allows rapid imaging of longer segments of coronary arteries and bypass grafts, The aim
of this study was to assess the diagnostic value of VCATS to assess the patency over the
cntire fength of venous bypass grafls.

Materials and methods:

Seventeen patients with 21 venous grafts (5 single grafts, 16 sequential grafts) were stud-
ied with the VCATS protocol on a 1.5 T scanner with a phased array body coil. The grafts
were first localised with a single breath-hold volume scan acquired with a multishot echo
planar imaging sequence. Then, several targeted volume scans were made with a 3D breath-
hold turboFlash sequence with a resolution of 1.9 % [.25 x 1.5 mm in about 30 minutes.
In sequential grafts a segment was defined as a part of the bypass graft between two sue-
cessive anastomotic sites. A total of 50 segments was available for comparison with selec-
tive angiography.

Results:

All fifty graft segments could successfully be evaluated. On selective coronary angiogra-
phy 30 segments were patent and 20 were occluded. The sensitivity and specificity of VCATS
for the detection of patent grafts segments were 93% (28/30) and 95% (19/20) respectively
with an overall accuracy of 94% (47/50). Sternal wires induced local artefacts in 10 of the
proximal graft segments, but did not preclude to evatuate patency of these segments could
be evaluated outside the artefact.

Conclusion:

The single breath-hold EPI localiser scan 1s adequate for graft localisation. VCATS showed
a high sensitivity and specificity for the establishment of venous bypass graft patency over
it's entire length.
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INTRODUCTION

Coronary artery bypass graft surgery is used
worldwide as a successful technique to revas-
cularize coronary artery obstruction using,
preferentially arterial grafts and otherwise
venous bypass grafts. However the attrition
rate of these grafis is subsfantial and requires
repeated cvaluation. Consequently there is
a strong demand for a reliable, noninvasive
procedure that can be performed repeated-
ly at postoperative follow-up. Magnetic res-
onance imaging (MR1) is a noninvasive tech-
nique that has the potential to visualize the
coronary arteries and coronary artery bypass
grafts. Several MRI techniques have been
validated for the detection of bypass grafts
patency with reported excetlent sensitivity
and specificity. However most of the stud-
ies have been restricted to single or the prox-
imal segments of sequential grafts and were
unable to evaluate the entire length of
sequential grafts, With improved MRI scan-
ner hardware it has been possible to reduce
the imaging time lor MR coronary angiog-
raphy using a breath-hold targeted imaging
approach (VCATS, volume coronary angiog-
raphy using targeted scans.’ In this study we
investigated the diagnostic accuracy of
VCATS to assess the patency of single and
sequential venous coronary artery bypass
grafts over their entire length.

MATERIAL AND METHCDS

Patients

Seventcen patients with 21 grafts, and 52 dis-
tal anastomoses with a history of coronary
artery bypass grafts surgery were studicd
shortly after standard selective coronary
{bypass) angiography. The mean age was 56
years (range 47 to 73), and the patients were
studied an average of 7.3 years after bypass
surgery. Standard seiective angiography was
performed to evaluate ischemic chest pain in
all patients,

Exclusion criteria artificial pacemalkers,

intracranial clips, atrial fibrillation, severe
claustrophobia, and severe lung diseasc
restricting breath-holding capabilities to
less than 30 seconds. The protocol was
approved by our hospital committee on med-
ical ethics and clinical investigation. Written
informed consent was obtained prior to the
MRI examination.

VIRI

The studics were performed on a 1.5 whole-
body MRI system {Magnetom Vision,
Siemens, Erlangen, Germany). Patients were
placed in a supine position with a 4-chan-
nel quadrature body phased array coil placed
over the thorax. ECG electrodes were
always positioned on the anterior thoracic
wall. To start with the coronary localization
procedure, a single breath-hold 3D multi-
shot segmented EPT (3D-MSEPI) sequence
was used to cover the entire heart using a 120
mum slab at end-expiration. The data were
subjected to malti-planar (MPR) evaluation
to determine the suspected aorta-bypass
anastomosis of the coronary bypass grafts
and optimal imaging planes along the course
of visible grafts (Figure 1) with the help of

Figure 1. Hlustration of the principle of volume
corondary angiography with targeted volume scans
(VCATS) 1o study sequential venous coronary
artery bypass grafls. Several targeted volumes are
used to cover all the segments of « sequential grafi.
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the surgical notes on the number of grafts and
sites of anastomosis which were available
during the investigation. After all orienta-
tions were obtained with MPR, imaging pro-
ceeded with the breath-hold VCATS proto-
col. Targeted bypass angiography was
performed with a double oblique 3D-seg-
mented gradient echo (GE) sequence
{TurboFLASH, TR/TE=5.3/2.3 ms, incre-
mental flip angle, 21 lines per segment, 110
msec acquisition window). A 24 mm thick
slab (7 encoded partitions, 16 reconstructed
by zero filling) was used with a 126 x 256
matrix and partial Fourier reconstruction.
Scan duration was 21 heartbeats and the
imaging window coincided with mid-late
diastole. The ficld-of-view (FOV) was
maintained constant at 240 x 320 mm2, pro-
viding a resolution of 1.9 X 1.25 x 1.5 mm?3,
Magnetization transfer irradiation (MTC) for
myocardium-blood contrast-to-noise ratio
{CNR) enhancement (irradiation duration of
500 ms) and a single chemical shift fat sup-
pression pulse were applied prior to data col-
tection for each cardiac window, Breath-
holding was performed at end-expiration to
obtain position and planc reproducibility
with respect to the MPR data generated using
the volume localizer. Breath-hold quality
was assessed immediately after every acqui-
sition by observing ghosting artifacts of the
anterior thoracic wall over the images. In
case ghosting appeared, repeated imaging of
a particular volume was allowed. If severe
ghosting artifacts were present and the
patient could not hold the breath adequate-
ly within 4 attempts, the patient was regard-
ed as non-suitable for the scanning procedure
and excluded from the study.

Conventional coronary angiography
All subjects underwent selective coronary
artery bypass angiography using the Judkins
technique® within 1 month of the MR exam-
ination. Two experienced cardiologists joint-
ly interpreted the angiograms. Sequential

coronary artery bypass grafts were divided
nto successive segments between each
anastomosis sile (figure 2). All segments
were visually graded as cither being patent
or occluded. In case of disagreement a third
cardiologist made a final decision,

MR interpretation

From each tarpeted volumec the [6 source
images were analyzed in a dynamic loop,
independently by a cardiologist and a radi-
ologist who were unaware of the cardiac
catheterizalion resulis. In case of disagree-
ment consensus was achieved in a joint ses-
sion with a third investigator. These segments
were graded as assessable if overlapping
structures (veins, pericardium, and unsup-
pressed fat), image blur and ghosting artifacts
could be distinguished from the vessel
itsetf. Segments covered by more than one
volume were finally evaluated in the volume
with the best image quality. The whole
sequential graft was considered occluded if
the graft origin was not visualized in a set
of transverse targeted volumes through the
aortic root. Segments were considered patent
if the graft was visualized in more than one
slice of a targeted volume for the graft seg-
ment. In proximal open sequential grafts all
graft segments distal to the iast visualized
patent segment were considered as occlud-
ed.

To investigate the possibilities to integrate
the coronary path within a targeted volume
into a single image, data sets were recon-
structed using a volume rendering program
(VoxelView, Vital Images Inc, Minneapolis,
Minnesota, USA) running on a dedicated
graphic workstation (Indigo2, Silicon
Graphics, Mountain View, California, USA).
Segmentation was required to discard over-
lapping to view the coronary artery bypass
graft from any viewing angle.

Statistical Analysis
The conventional coronary angiogram served
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Table 1. Patency of different coronary
artery bypass grafl segments by coronary
angilography.

Segment N Patency
Lst 2t 16 (76%)
2nd 16 10 {(63%)
3rd 6 2 (33%)
4th 4 1 {(25%)
5th 3 1 (33%)

as the gold standard for determination of the
diagnostic vaiue of MR-coronary angiogra-
phy. For the detection of graft patency in a
segrment sensitivity, specificity, positive and
negative predictive value and diagnostic
accuracy, as well as 95% confidence inter-
vals were established to evaluate the diag-
nostic value,

RESULTS

The mean time interval and standard devi-
ation between cine-angiograms and magnetic
resonance angiography was 10+ 7 days. Of
the 17 patients examinations one study was
incomplete due to insufficient time available
to use the MRI scanner. Within these
patients 21 venous grafts were succesfully
studied . Of the 21 prafis 5 were single grafts,
and 16 were sequential grafts (ten with 2 dis-
tal anastomoses, two with 3 distal anasto-
moses, one with 4 distal anastomoses and
three with 5 distal anastomoses) with a total
of 50 segments available for analysis.
Conventional coronary angiography demon-
strated graft patency for 60% (30/50) of all
graft segments, which ranged from 76% for
the proximal graft segments to 25% for dis-

Figure 2. Example of the volume localizer scan
covering the whole volume of the heart. In this
volume the exact course of the graft (curved
arrows) can be determined and the optimal imag-
ing planes for the targeted volimes can selecied.
Also some parts of the native coronary arteries
are visuwalized. Ao = Aorta, PA = Pulmonary
artery, RC4 = right coronary artery, LAD = lefi
anterior descending coronary arter).

tal grafts segments. The data on the indi-
vidual segments are listed in Table 1.

The mean and standard deviation of the num-
ber of targeted volumes collected per patient
with MRI was 10+ 2,3, The mean and stan-
dard deviation of the breath-hold time per
acquired targeted volume was 24 £ 5 sec-
onds. The acquisition of the volume local-
izer scan, the selection of the optimal plane
location and orientation of the targeted vol-
umes with MPR and the acquisition of the
targeted scans were always completed in less
than 30 minutes. The volumes for the prox-
umnal graft segments contained sternal wires
which induced local artifacts in 10 of the 16
patent proximal graft segments, but fortu-
nately the size of the artifact was limited and

Table 2. Diagnostic accuracy for the detection of graft patency by MR-coronary angiography.

Segm. Sensensitivity  Specificity PV+ PV- Ace

1 100%( 106-100%) 100%(100-100%) 100%{100-100%) H00%({100-100%) 100%(100-100%}
2 80% (55-100%)  100%(100-100%) 100%(100-100%) 75%(45-100%}  88%(71-100%)
3-5 100%(100-100%) 89%{68-100%)  80% (45-160%) 100%(100-100%) 92%(78-107%:)

Overall 93%(84-100M%)  55%(85-160%)

97%(90-100%)

90%(78-160)  94%(87-100%)

PPV = positive predictive value, NPV = negative predictive value, Acc = diagnostic accuracy.
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did not preclude to assess the patency of
these segments.

The volume localizer scan was adequate for
graft localization in all patients (Figure 2)
and the targeted volumes showed a high
quality images for proximal bypass graft seg-
ments on the original slices {Figure 3}. For
these targeted volumes postprocessing with
volume rendering was able to integratc the
individual slices to a single image to visu-
alize the entire course of the bypass grafli
path through the volume (Figure 4). With
VCATS it was possible to visualize all of the
patent distal segments of sequential bypass
grafts (Figure 5).

VCATS correctly classified 28 of the 30
patent graft segments (sensitivity
93%)(Figure 5) and 19 of the 20 occluded
segments (specificity 95%). An example of
a sequential graft occluded after the third
anastomosis is shown in Figure 6. The find-

Y Figure 3. Original slices of
5 g fransverse fargeted volume
at the level of the aortic root
| (do). From the top stices at

the wupper left the proximal
segment of a venous grafi
feurved arrows) can be fol-
lowed anterior of the pul-
L monary artery (PA) to the
. anastomosis on a diagonal
x branch in the fourth slice.
The second segment can be
Jollowed to an anastomosis
on the branck of the left cir-
cumflex  coronary artery
(LCX} in caudal slice in the
lower right panel.

ings for the detection of graft patency for the
different segments are summatized in table 2.
Sensitivity ranged from 80% for distal graft
scgments to 100% for proximal graft seg-
ments and specificity from 89% to 100%.

DISCUSSION

Within the first year after coronary artery
bypass graft surgery, the occlusion rate of
venous coronary artery bypass grafts is 15-
25%%, and after 10 years 40-50% of the
venous grafts are occluded.™”

Non-invasive assessment of graft pateney
may be useful because graft occlusions may
occur clinically silent and only in later stages
of progression these patients become symp-
tomatic. Regular follow-up after bypass sur-
gery using MRI may depict grafl diseasc
before total acclusion is present. At that stage
angioplasty will be more successful and may
prevent progression to total occlusion. This

Figure 4. (A) Example of
the use of volume render-
ing to integrate all the
slices of a targeted volume
(same as i figure 3) into
a single images. The
patency of the grafi
= (curved arrows) is cledar-
ly demonstrated.

(B) Corresponding con-
venrtional angiogram.
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Figure 5. (A) Volume rendered image of the slices of a targeted volume for the proximal segment of
a verous grafl (cuived arrows) from the aorta (Ao} across the right atrio-ventricular groove and
right veniricle (RV). (B} Secand volume for the graft segment anterior of the pulmonary artery (P4)
Hustrating the possibility to asses graft patency despite the presence of a sternal wire related arti-
Jact (straight arrow). (C) Third volume targeted for the graft segment over the lateral wall of the

left ventricle (LT}

may increase graft survival and possibly
reduce the number of repeat bypass opera-
tions,

Since the introduction of MRI many tech-
niques and scquences have been developed
to visualize the coronary arteries. None of
these techniques has been successful to reli-
ably detect all coronary artery stenoses. Due
to the relative large size (4-6 mm in diame-
ter} and lesser movement of coronary artery
venous bypass grafts the assessment of
patency is less demanding m terms of reso-
lution and acquisition speed. The first study
used a conventional Spin-echo sequence to

assess bypass graft patency and achieved a
sensitivity of 86% and a rather low speci-
ficity of 59%.® These initial results were
improved with the mtroduction of gradient-
echo imaging *" but these techniques only
provided cross sectional images of proximal
bypass graft segments, limiting the applica-
tion in chinical practice. More recently con-
trast-enhanced magnetic resonance angiog-
raphy (MRA) has been used to study longer
segments of coronary arlery bypass grafts.'*™
However, these examinations only provide
information on bypass patency of the prox-
imal segments and no information about

Figure 6. (A} MRI image of a partially occluded venous graft. The proximal segment to the first
anastomosis is patent (curved arrows) while the second segment is patent but with diminished image
qualine (B} Second MRI volume fargeied for the third anastomosis demonstrating the occlusion of
the graft distal to the anastomosis. (C) Corresponding conventional coronary angiography confirming
the patency of the proximal grafi segments, the diseased third segment and occluded distal segments.
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graft patency distal to the first coronary
artery anastomosis is obtained. The first MR
evaluation of sequential bypasses over their
full length was obtained with a HASTE (Half
Fourier Single shot Turbospin-Echo) MR
technique.” The sensitivity and specificity
for the detection of proximal graft occlusion
were excellent (95% and 93% respectively),
but sensitivity was less {83%) for distal
bypass graft segments.

In our study we demonstrated the possibil-
ity to determine the patency of all segments
of single and sequential venous bypass graft
using VCATS. The overall sensitivity and
speciticity of 93% and 95% respectively,
were excellent and importantly, all patent
graft segments, including the most distal
were visualized (sensitivity 100%),

All the above techniques, including ours,
used scquences to study coronary artery
bypass grafts morphology. However, MRI
also allows functional imaging of vessels by
using flow velocity informatien which is
impaired by significant obstructions. Indeed
MRI phase velocity imaging has been used
to study flow velocities in coronary artery
bypass grafts'® with varying success.
However the reliability of velocity meas-
urements is hampered by the fact that coro-
nary bypass flow in rest is variable and
dependent on the size and number of revas-
cularized coronary artery branches, This lat-
ter problem may be overcome by pharma-
cological stress induced measurements of the
flow reserve. So far, this method has not been
used frequently but preliminary data have
demonstrated that impaired flow reserve is
associated with myocardial ischemia in
graft dependent regions.”

A limitation of this study is that non-occlu-
sive obstructions were hardly present in our
patient population and thercfore no diag-
nostic accuracy could be calculated. In one
patient the ability of VCATS to visualize
non-occlusive obstructions was demon-
strated (Figure 6). To study the diagnostic

value of VCATS for the detection of bypass
graft stenosis requires an increase in the spa-
tial resolution.

Due to the extreme length of LIMA bypass
prafts, the abundant present imaging artifacts
related to metallic clip, and the relatively
small size of these vessels we did not attempt
to study arterial grafts.

CONCLUSION

The VCATS sctup makes it possible to local-
ize the course of sequential venous coronary
artery bypass grafts in a short examination
time and determine patency over the entire
length of single and sequential venous
bypass grafts with a high degree of accura-
cy. The selected measurement sequence for
VCATS still requires improvements in SNR
and spatial resolution to be able to reliable
assess the presence of non-occlusive obstruc-
tions.
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ABSTRACT

Purpose:

To investigate the effect on signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR)
of a clinically approved MR contrast agent for liver imaging with a partial intravascular
behaviour on a specific magnetic resonance coronary angiography (MRCA) technique.

Methods and materials:

Six patients (4 males, 2 females) were investigated using a intravenous administration of
a suspension of 89.6 mg ferumoxide (AMI-25, Endorem; Guerbet S.A., Aulnay-sous-Bois,
France) diluted in 100 ml of isotonic glucose, during 30 minutes. T; measurements were
performed with a series of inversion recovery gradient echo images with varying inver-
ston times. MRCA was performed with a cardiac triggered three-dimensional gradient ccho
sequence {TR/TE = 2.6/1.3 ms) with retrospective respiratory gating. Matrix size was 128
X 256, field of view was 240 x 320 and slab thickness of 120 mm,

Results:

T, relaxation time of blood was reduced from 1562 £ 130 ms to 642 £ 244 ms {(p< 0.01),
while for myocardium there was no significant change (T,-pre: 1058 + 30 ms, T,-post:
1001 £ 138 ms, p = 0.48). Post-contrast the SNR of blood in the aortic root and the right
atrium improved by 90.5% and 44.1% respectively. The blood versus myocardium CNR
improved by 60.8%.

Conclusion:
SNR and CNR for volumetric MRCA can be significantly improved with a MR contrast
agent approved for liver imaging which partialiy behaves as an intravascular contrast agent.
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INTRODUCTION

Magnetic resonance coronary angiography
{MRCA) has been attempted with several
segmented two-dimensional (2D} and three-
dimensional (3D} gradient echo techniques. ™
All of them depend on the inflow of blood
trom the left ventricular cavily or aortic root
mto coronary arteries and T; relaxation
effects between successive heartbeats. Small
imaging volumes (30 mm) are used to min-
imize hlood saturation effects. If the T; of
blood is reduced, a larger recovery of the lon-
gitudinal magnetization is possible between
two heartbeats for previously excited blood
spins remaining in the imaging volume and
consequently larger volutmes can be imaged.
Gadolinium based agents used for contrast
enhanced magnetic resonance angiography
of the aorta and peripheral vessels are dis-
tributed initially within the intravascular
compartment but diffuse rapidly throughout
the extracellular (vascular plus interstitial)
space. This limits their possible use in the
long acquisition schemes frequently used in
coronary imaging. Therefore intravascular
MR contrast agents have been developed.
Two categories can be recognized:
Gadelinium based agents and iron oxide par-
ticles. Gadolinium compounds with a longer
blood half-life time are still in pre-clinical
phase. The iron oxides can be divided in:
superparamagnetic iron oxides (SP10) with
a particle size between 40 to 80 nm mainly
developed for liver imaging and ultrasmall
super paramagnetic iron oxides with a par-
ticle size of 17-20 nm (USPIO) with a longer
blood half-life targeted for MR angiography.
SPIO agents {as AMI-25 and SH U 555A)
efficiently accumulate for 80-90 % in liver
and spleen within minutes of their adminis-
tration.® This selective uptake by liver is used
for the detection of liver metastases.”" The
remaining 10-20% behaves like a infravas-
cular contrast agent with a longer blood half-
life time of between 2.4 and 3.6 hours™ and
may be used for improvement of MR

angiography studies.” Ferumoxide with
dexfran coating, AMI-25, is a clinically
approved contrast agents that provides this
partial intravascular behavior and thus could
improve the visualization of the coronary
arteries with magnetic resonance imaging,

MATERIALS AND METHODS.

Six patients (4 males, 2 females; 60.2 years
of age, 74.0 kg) underwent MRCA after
intravenous administration of AMI-25. Pre-
and post-contrast studies were performed on
the same day in three patients while in two
the interval between both studies was 7 days.
On 1 patient MRCA was only performed
after the infusion of the contrast agent.
Before the contrast administration the T
relaxivity of blood and myocardium was
measured. These measurenients were imme-
diately followed by a large volume MRCA
scan. After contrast administration the
MRCA sequence was repeated followed by
a sccond measurement of the T relaxivity.
Exclusion criteria were: previous coronary
bypass operation, intracoronary stent implan-
tation, artificial pacemakers, intracranial
clips, atrial fibrillation, severe claustropho-
bia. The protocol was approved by our hos-
pital committee of medical ethics and clin-
ical investigation and informed consent
was obtained before the examination.

Contrast agent and Administration
A suspension of 89.6 mg ferumoxide (AMI-
25, Endorem; Guerbet S.A., Aulnay-sous-
Bais, France) in 100 ml isotonic glucose was
drip-infused at a dose of 10-15 umo! Fe/kg
body weight over 30 min with a flow rate
of approximately 3 ml/min. The particle
diameter (iron oxide core coated with dex-
tran} is approximately 35 nm." Relaxivity
measurements yield a R; of 40 mmol-lsec!
and a R2 of 160 mmol-tsect.*

Imaging technique
Subjects were studied in a supine position,
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with a four channel quadrature body phased
array coil placed over the thorax, ina 1.5 T
whole body MR imaging system (Vision;
Siemens, Erlangen, Germany).

To estimate the T relaxation time of blood
a series of T|-weighted inversion recovery
gradient echo (TurboFlash, IR-TF) images
was acquired with and without the contrast
agent. The T| in inversion recovery spin-
echo (IR-SE) imaging can be derived from
the inversion time (TT) value that maximal
suppresses the signal from bloed using T1
=T, .In[2/(1 + e TRTY)], For a sufficient-
Iy long repetition time (TR) (TR >3 x T, of
blood) the null point is Tl = 0(2) Ty and
so Ty =TI,,/In{2).” For IR-TF nnaging the
approximate behavior to IR-SE can be
achieved using a small number of phase
encoding lines (course matrix of 32 x 128),
a very short TR (3.3 ms) and a very low flip
angie for signal read-out (4°).

Coronary artery imaging was performed
using a three dimensional gradient echo
sequence with the retrospective respiratory
gated technique described by Li et al.! This
sequence has been modified to cover the
whole volume of the heart in a single acqui-
sition and take maximum advantage of the
contrast agent used. With the possibilities of
the gradient system of the MR scanner the
TR was reduced to 2.6 ms, witha TE of 1.3
ms. Within an acquisition window of 160 ms
during mid to iate diastole 60 phase encod-
ng steps were performed, these were zero-
filled to obtain a section thickness of I mm
over & [20 mm thick volume.

Furthermore magnetization transfer contrast
(MTC) preparation was included (500 ms
application period) before application of a
single chemical shift fat suppression pulse
to increase contrast between the blood pool
and myocardium and surrounding fat. The
MTC irradiation consisted of a train of 25
radiofrequency pulses of 7.680 ms duration,
Gaussian profile, 250 Hz bandwidth, 1.5 kHz
offset frequency, and 4 mT amplitude

applied with an interpulse spacing of 20 ms.
The flip angle varicd from 20° to 90°. The
matrix size was 128 x 256 with a rectangu-
lar field of view of 240 x 320 min, result-
ing in an inplane resolution of 1.9 x 1.25
mm.

Retrospective respiratory gating was per-
formed by a navigator echo created with two
excitation bands placed to intersect at the
dome of the right hemidiaphragm, Each line
of data was acquired five times to ensure
complete sampling of the respiratory excur-
sion. The acquisition MRCA sequence was
completed in §-13 minutes, depending on the
heart rate.

Image analysis

For each subject, blood signal measurements
were performed on pre- and post-contrast
images in the transverse planc on the aortic
root, left ventricle, right ventricle and sep-
tal myocardium. To measure the standard
deviation of noise, a ROl was placed outside
the body. Using the fact that the SD of the
noise is the mean intensity of the background
Rayleigh noise divided by 1.25, the blood
signal-to-noise ration (SNR) and the con-
trast-to-noise (CNR} between blood and
myocardium were calculated as follows'

Blood signal intensity

SNR = 1.25 mean intensity of background
Signal difference between
CNR = 1.25 blood and myocardium

mean intensity of background

Statistical analysis

All values are expressed as mean + standard
deviation. The paired, two-tailed Student t-
test was used to determine significance of the
difference between two paired measure-
ments, an unpaired Student t-test was used
for unpaired measuremernts.
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Figure 1. Pre and post AMI-23 administration on signal intensily changes in IR-TF for different TI

velues. Before infusion the signial from blood is minimal ar a T1 of 1078 ms (upper row), while afier
infision the IT for the mininal signal intensity is observed at 480 ms (lower row).

RESULTS

The T relaxation time of blood was signif-
icantly decreased from 1362 £ 130 ms to 642
+244 ms (p < 0.01). The T, relaxation time
of myocardium did not change signtficant-
ly (T, pre: 1058 + 30 ms, T post: 100]
138 ms, p = 0.48). See figure 1.

The mean acquisition time for the MRCA
sequence was 12 minutes and 20 seconds.
The heart rate varied between 44 and 66
beats per minuie. The signal intensity in the
aorta showed a significant relation with the
duration of the heartcycle {r=0.71) with a
higher signal intensity at longer RR-intervals.
Due to saturation effects there was a clear
reduction in signal intensity in the aorta
before contrast administration compared to
the LV and RA (figure 2), Post-contrast the
signal intensity was equal in all heart cham-
bers. Additionally AMI-25 drastically
improved the contrast between the blood and

the myocardium improving the visualization
of the coronary arterics (figure 3). These ben-
efits are again shown in a third example
using three-dimensional posiprocessing soft-
ware (figure 4). Improvement in signal inten-
sity was equally present in patients with a
longer and shorter RR-intervals, with better
CNR values on the patients with shorter RR-
intervals. Figure 5 illustrates a sagittai
acquisition covering the entire heart and the
aorta proving the constant enhancement pos-
sible in all blood compartments after the
administration of AMI-25.

With quantitative analysis AMI-25 improved
the SNR in the aortic root by 90.3% (p<
0.05). Suffering less from saturation effects,
the SNR in the right atrium only improved
by 44.1% (p > 0.05) making it comparable
to the aortic root (figure 6). The
blood/myocardium CNR of the aortic root
improved by 60.8%.

g Figure 2. Oblique coronal
images through the aorta
(Ao), right atrium (RA)
and left ventricle (LV).
(A) Before contrast agent
administration there is a
significant loss of signal
intensity due to saturation
effects in  the aorta.
(B) After contrast agent
admimistration the signal
intensities i the Ao, RA

and LV have improved
and are all equal.
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DISCUSSION

Recently, gadolinivum-based  contrast
enhanced MRA has dramatically improved
the depiction of the great and peripheral
arteries.™ Howaever, this is not the case for
MRCA yet. MRA studics outside the heart
do not require cardiac triggered scans and
saturation cffects can be dramatically
reduced with the presence of a strong T,
shortening contrast agent.'™ Nonetheless,
standard, ECG triggered non-contrast
enhanced MRCA sequences benefit from
blood inflow effects between successive
heartbeats making the signal amplitude of
blood less dependent on the T relaxivity of
blood. Improvements have been envisioned

E Figure 3, Visualization of the
right coronary artery before
and after administration of
AMI-25. (A) Before the con-
trast agent adminisiration
there is only a limiled con-
irast between the blood and
the myocardium. (B) After
adminisiration of the contrast
medium  the  contrasi
improves and the right coro-
nary artery (RCA) can be
vistalized more clearly. Ao =
Aorta, LV = Left ventricle,
RA = Righ atrium.

only if the T| of blood is reduced to values
tess then 50ms (or shorter Tys with the faster
TRs possible in new MR gradient systems)™
Presently several new intravascular contrast
agents (¢.g AMI-227, Combidex; MS8-325,
AngioMark; Gadomer-17 and NC 100150,
Clariscan) have been developed which all
have a T| between 50 and 100ms in clinical
doses.”™ These agents have shown to
improve coronary artery SNR and CNR.¥ In
this study we demonstrated that a presently
available confrast agent ncarly halving the
T, relaxation of blood for a long period of
time, was able o increase SNR and CNR for
MRCA. The T; shortening effect of AMI-
25 was msufficient to make use of an inver-

Figure 4. Example of improvement in three-dimensional postprocessing of MRCA datasets due to
increase in signal intensity by the administration of AMI-25. (A} Pre-contrast image. (B) Post-con-
trast image. Ae = Aorta, LAD = Left anterior descending coronary artery, RCA = Right coronary
artery, GCV = Great cardiac vein.
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Figure 5. Sagittal acquisition covering the entire

heart and thoracie aorta. In this ECG-triggered

sequence the origin of the right coronary artery (straight arvow, left image) and the left main (curved
arvow, middle image) can be depicted clearly. The aorta (Ao) and pulmonary artery (P4) do not suf-
fer from saturalion effects due lo the presence of the contrast agent. Using small volume 3D post-
processing the right coronary artery can be visualized over a longer distance (straight arrows in

right imagej}

sion recovery prepulse prior to data collec-
tion to minimize the myocardiai signal, sim-
ilarly as used for other studies using
extravascular (dynamic acquisition during
injection) and intravascular (steady state
imaging) contrast agents. We chose a MTC
preparation o increase CNR between blood
in the coronaries and myocardium, provid-
ing an improved delineation and assessment
of the coronary arterics. MTC is known to
have a small effect in the signal aftenuation
of blood but has a larger effect on myocar-
dial muscle, as hown by Wolft, Balaban and
Li'ZS.ZE?

In this study, AMI-25 has been proven to
remain mostly in the blood pool, dircct

SNR

Aorta v RA

reflection that Ty (and SNR) of myocardi-
um did not change significantly after the con-
trast agent administration. We have not
observed any adverse effcct either, making
AMI-25 a relatively safe drug if drip-
infused in glucose or saline at a dose of 10-
15 umol Fe/kg body weight over 30 min with
a flow rate of approximately 3 ml/min.

Limitations

Some limitations of this study should be con-
sidered. First, dosage was not regulated com-
pletely, as it was administered independent
of paticnt's weight. Secondly, the T, meas-
urcments were performed right after the infu-
sion of AM1-25 and not repeated at the end

Figure 6. Improvement in
signal-to-noise ratio (SNR)
by the use of AMI-25. Pre-
contiast the SNR in the
aorta Is significantly fless
compared to the right atri-
um (RA}. Posi-contrasi the
SNR in the Aoria and left
ventricle (LV) improves sig-
mificantly and is equal for
all the heart chambers. The
SNR of the myocardivm
(Myo) is unchanged by the
use of the conlrast agent.

p=ns

fpe”
1 Post

Myo
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of the volume scan to show differences in
blood concentration or a stable T relaxivi-
ty. Third, the heart rate pre- and post-con-
trast administration can change the amount
of enhancement observed.

CONCLUSION

AMI-25 is presently clinically available con-
trast agent that partially behaves as an
intravascular agent. It improves SNR and
CNR in three-dimensional magnetic reso-
nance coronary angiography.
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ABSTRACT

Intravenous coronary angiography with electron beam computed tomography (EBCT) allows
for the nioninvasive visnalization of coronary arteries. With dedicated computer hardware
and software, three-dimensional renderings of the coronary arteries, veins and other car-
diac struciures can be constructed from the individual transaxial tomograms. Interest in
this technique is growing, and recently a number of clinical studies have been published
comparing EBCT coronary angiography with conventional cine-coronary angiography. In
this article, image acquisition, postprocessing techniques, and the results of recently pub-
lished clinical studies are discussed. EBCT coronary angiography is & promising imaging
technique of coronary arteries. Currently, it is a reasonably robust technique for the visu-
alization and assessment of the left main and left anterior descending coronary artery.
However, at the moment a relatively high propottion of the right and circumflex coronary
angiograms is noninterpretable. Improvements in image acquisition and postprocessing tech-
niques are expecled to improve visualization and diagnostic accuracy of the technique.
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INTRODUCTION

The small size and fast movement of human
coronary arteries posc a formidable challenge
for an imaging technique. For accurate visu-
alisatiom, it has to combine a high spatial res-
ohution with a high temporal resolution.
Modern coronary cine-angiography with
direct intracoronary contrast injection has a
spatial resolution of 5 linepairs per mm and
a temporal resolution of up to 50 frames/s.
This allows the accurate visualization of the
epicardial luminal coronary trajectory dur-
ing the complete cardiac cycle and has
become the undisputed reference technique
for coronary imaging. These specifications
come at a price, however: the procedure is
costly, invasive, and carries a small risk of
serious adverse events.

Recently, eleciron beam computed tomog-
raphy (EBCT} after intravenous injection of
confrast medium has emerged as an imag-
ing technique of coronary arteries.'” Using
modern image processing technology, three-
dimensional (3D} reconstruction of the
heart and coronary arteries can be made from
40 to 60 conseculive tomograms. The indi-
vidual tomograms have a resolution of 4 to
6 linepairs/fem, and the scan time for each
tomogram is 100 ms. Although this falls
short of the spatial and temporal resolution
of conventional coronary angiography, prox-
imal and middle parts of the coronary arter-
ies can be visualized with this technique.

Figure 1. Transaxial tomograms at different levels, (4) Al the level of the ostium of the lefi main

In this article image, image acquisition,
image processing techniques, and clinical
studies that compared EBCT coronary
angiography to conventional coronary
angiography wifl be reviewed.

METHCDOLOGY

EBCT Coronary angiography

The EBCT scanner, also called ultrafast-CT
or c¢ine-CT (Siemens Evelution, Munich,
Germany), is a CT scanner that allows the
acquisition of high-resolution clectrocar-
diogram (ECG)-triggered tomograms in
100ms. This is fast enough to reduce cardiac
motion artefacts and te reliably visualize the
fast-moving coronary arteries, especially
when the acquisition window is set during
diastasis, The scanner was originally
designed for cardiac function studies and was
later applied to quantify coronary calcifica-
tions. A detailed description of scanner spec-
ifications can be found elsewhere.* Scanning
is performed with the patient in the supine
position. To ensure optimal coronary opaci-
fication during image acquisition, the cir-
culation time has to be determined.
Therefore, 10 mi of contrast medium (iopro-
mide 350 mg/ml} is injected through an ante-
cubital vein at 4 ml/s. The passage of the
contrast bolus through the ascending aorta
is visualized by lomograms at the aortic root
level. The time from contrast injection to

coronary artery. (B) At the level of the ostium of the right coronary artery (RCA, arrowhead) LAD,
proximal left anterior descending coronary artery. (C) Proximal circumflex coronary artery (arrow)
Ao, ascending aorta; RVOT, right ventricular outflow tract; SCV, superior caval vein.
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peak aotta densily is considered the circu-
lation time.

Next several localising scans over the aor-
tic root arc made at inspiration to determine
the exact level of the left main coronary
artery.

Acquisition of the 3D dataset starts with the
mjection 120 to 180 ml of contrast medium
at 3 to 4 ml/s through an antecubital vein.
During the circulation time, patients are
asked to mildly hyperventilate by breathing
in and out at the word of the CT lechnician.
Just before the circulation time, the patient
is asked {o hold his/her breath at a comfort-
able inspiratory level. At the circulation time,
scanning commences just proximal to the left
main coronary artery afler an ECG trigger
at 80% of the RR iterval (diastasis).
Tomogram thickness is set at 1.5 or 3 mm.
Table increment after each tomogram is set
at 1.5 mim or 2 mm, resulting in contigunous
nonoverlapping slices or slices with 1 mm
overlap. A total of 40 to 60 transaxial tomo-
grams are made during a single breathhold
{Figurc 1). Breath holding is necessary dur-
ing data acquisition to avoid respiratory

motion artefacts. Field of view size is gen-
erally set at 18 cm with a matrix size of 512
x 512 pixels, yielding a pixel size of 0.35
0.35 mm. To speed up image acquisition and
to shorten breath-hold time, atropine 0.5 to
1 mg intravenously can be administered
when heart rate is less than 60 min-1. Breath-
holding time in the cited studies was
between 20 and 50 scconds and is depend-
ent on the heart rate and the number of tomo-
grams made, Effective radiation dose is esti-
mated to be less than 10 mSv.*™"* This is
approximately one third to one fifth of the
radiation dose at diagnostic coronary angiog-
raphy.*"

Image Processing

For accurate assessment of the anatomy and
integrity of the epicardial coronary arteries,
merely evaluating the axial tomograms is
inadequate. The 3D trajectory of the coro-
nary arleries spans almost the complete set
of 40 to 60 tomograms, and therefore some
form of 3D reconstruction of the tomo-
graphic data is necessary to keep track of the
exact course of the arteries and to accurate-

Figure 2. (A} Pressure fixed anatomical specimen showing the left coronary artery. Reprinted with
peraiission from McAlpine WA: Hearl and Coronary Arteries. Heidelberg, Germany, Springer-Verlag,
1975 p 159, fig 1. Copyright by Springer-Verlag. (B) 3D rendering of the left coronary artery of a
patient with a severe stenosis (arrow) of the bifurcation of the proximal left anterior descending artery
and diagonal artery (LAD and Diag). Ao, dorta; LAA, left atrial appendage; LA, leff atvium; RV,
right vengricle, LV, left veniricle,
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Figare 3. Volume rendering showing an occluded circumflex artery {arrows).(4) View from the top.

(B) View from a more anterior angle. (C) Corresponding coronary angiogram. LAD, left anterior

descending artery; int, intermediate branch.

ly read the EBCT angiogram. Furthermore,
respiration and rhythm artefacts are readily
apparent with most 3D reconstruction meth-
ods. Indeed, all published studies used 3D
reconstruction methods to assess the EBCT
coronary angiograms. 3D reconstruction
starts with transferring the two-dimension-
al (2D) transaxial tomograms to a comput-
er workstation where they are stacked and
mterpolated to form a 3D volume using spe-
cial computer software. This process creates
a database representation of a 3D object. This
database consists of millions of volume elfe-
ments (voxels), each with its own Hounsfield
unit or density value. With special render-
ing techniques, this database representation
of the 3D object can be projected onto a
viewing surface. This creates the illusion of
looking at a 3D object.

Rendering Techniques

Volume rendering.

Volume rendering is a rendering technique
that retains all the voxels from the original
3D dataset during each rendering. This
process is computationally intensive but has
the advantage that no information is dis-
carded during the process and that several
tmage-processing techniques are still possi-
ble.” For instance, each voxel can be
assigned an opacily and colorvalue. Based
on these values, the intensity of each vexel

is calculated and used for the display of the
voxel. Volume rendering allows certain
parts of the 3D object to be transparent so
that structures behind it are stifl visible. 1t
can, by assigning the right color and opac-
ity values to different tissues, simulate real
anatomy in much the same way as pictures
in an anatomic atlas (Figures 2 and 3)."

The development of dedicated computer
hardware and software now allows volume
rendering to be performed on a desktop com-
puter workstation, whereas only a few years
ago the technique was reserved for large
mainframe computers. Computation time for
a single rendering is now a matter of seconds,
which is fast encugh to allow rapid and com-
fortable user interaction. It is expected that
volume rendering on a personal computer
platform will be possible in the near future.
Image processing techniques such as seg-
mentation and filtering have to be applied to
better visualize the coronary arteries among
the other contrast-enhanced and sometimes
overlapping cardiac structures.™ For instance,
the thorax wall, lung vessels, and cardiac
structures such as the lefl and right auricle
have to be removed from the dataset (Figure
4) to be able to see the coronary arteries. This
segmentation has to be done on the indi-
vidual tomographic level, Although some
automation is possible, a large part still has
to be done manually. On average, an expe-
rienced technician can perform this seg-
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Figure 4. Visualization of contour segmentation of the heart within the thorax. (A} Volume render-

ing of the heart and part of the chest wall and pulmonary vessels. (B} The circles depict the contour
lines drawit on the individual axial tomograms. (C} The computier can be ordered to delete all image
data that is outside the contours, here depicted by the grey volumes. (D) Final result after segmen-
tation. The cororiary arteries can now be seen without interference of the chestwall, pulmonary arter-

ies and veins, and cardiae venous structures.

mentation in 15 to 20 minutes. Dedicated
segmentation software is under development
and 1s expected 1o substantially shorten total
image-processing time.

Surface rendering.

This is a rendering technique that displays
only a fraction of the 3D data (Figure 5). In
a first step, threshold values are set so only
voxels within a prespecified density intervai
are retained. After this selection process a

simplified approximation of the surface of
the selected object is calculated by assign-
ing polygons (eg, triangles) to this surface.
As in volume rendering, segmentation steps
{o remoave objects that obscure the outlook
on the coronary arteries are also necessary
with surface rendering. An advantage of the
technique is that after the initial computa-
tional intensive rendering steps, further
interactive viewing of the mathematically
defined surface is very fast. Disadvantages
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Figuye 5. (A) Masimum intensity projection of the left coronary artery. Before the coronary arter-

ies can be viswalized with this technigque, denser structures in the path of the imaginary rays (see
text for explanation} have to be removed first, After extensive segmentation only the aortic root and
the caronary arteries are retained in the volume, The left main coronaiy artery cannot be discerned
in this prajection because of overlap with the much denser aortic root. The dotled appearance of the
LAD is due to partial velume effects. (B} Surface rendering showing the LAD. The pulmonary artery
and right ventricular outflow tract have been segmented out on the individual tomograms, On the
sutface rendering at this area, a hole in the surface can be seen (arrow). (C) Same dataset now visu-

alized with volume rendering.

are the loss of surface details by the poly-
gon approximation, the inability to display
internal structures, and the time-consuming
optimization of the threshold settings.

Multiplanar reformatting (MPR).

For this rendering technique, coronal, sag-
gital, transversal, or double oblique sections
are made through the 3D volume fo target
the course of the coronary artery. A set of
tomograms paratlel to the double oblique
slice can then be reconstructed to completely
visualize and appreciate the often tortuous
trajectory of the coronary arteries. A relat-
ed technigue is curved multiplanar refor-
matting. Here the operator indicates the
artery on each of the original axial tomo-
grams or on the reconstructed double oblique
slices (Figure 6). The computer connects the
artery segmernts on every tormogram or slice
and projects the reconstructed course onto a
2D surface. Both technigues are simple and
fast and do not need manual segmentation
of siructures that obscure the outlook on the
coronary arteries. On the other hand, MPR
is operator-dependent and requires a thor-
ough understanding of coronary anatomy.

Maximum intensity projection (MIP).

MIP is a rendering technique in which imag-
inary rays are cast through the 3D dataset
from any viewpoint the image-analyst
chooses (Figure 5). The highest intensity
voxel encountered by cach ray is used to
construct a 2D image of the 3D dataset.
Usually these are voxels within the contrast-
filled vessels. Tmages resemble classic
angiograms. This rendering technique is fast
and generally gives a good differentiation
between vascular and nonvascular struc-
tures, For coronary angiography, however,
this technique is not very well suited
because denser noncoronary structures,
such as contrast filled cavities (left ventri-
cle, right ventricle, atria) and bony struc-
tures, have to be removed first from the
dataset lo ensure visualization of the coro-
nary arteries. Furthermore, the technique is
sensitive to partial volume effects and uses
only 10% of the available imaging data.

EBCT ANGIOGRAPHY OF NATIVE
CORONARY ARTERIES

Several studies have recently been published
comparing intravenous EBCT coronary
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Fignre 6. Curved multiplanar reformation, (A} Smgle proximal transaxial tomogran, showing the
lefl main coronary artery and the proximal LAD. The dotied line Is the projection on this tomogranr
of the line connecting the right coronary artery, the aorta and the lefi anterior descending coronary
artery through different tomographic levels. (B) Actual curved multiplanar reformation. The 3D course
of the vessels is projected onto a 2D plane,

angiography to conventional angiography*’
(Table 1). The image acquisition protocols
for all these studies were basically the same
as described in the methodology section.
Differences were the amount of tomograms
made (40 or 60} and the tomogram thick-
ness/table increment used (either 1.5 mm
thickness, 1.5 mm table increment or 3 mm
thickness with 2 mm table increment)
Three-dimensional image rendering tech-
niques also differed among the studies
{Table 1). All used both the original axial
tomographic data and the reconstructed 3D
data to assess the EBCT coronary
angiogranis.

Visualisation

Overall, the technique allowed interpretable
visualization of the proximal and mid coro-
nary arterics in approximately 80 to 90% of
cases (Table 1). Clearly, the right coronary
artery (RCA) and left circumflex coronary
artery (LCX) were less ofien assessable than
the left anterior descending (LAD). Most
often this was caused by cardiac motion arti-
facts. The RCA. and LCX arc vulnerable to
motion artefacts because a large part of their
course is in the atrioventricular groove in

close vicinity lo the atria. Atrial contraction
during the 100-ms image acquisition window
can cause these motion artefacts. Other
reported causes of nonassessability are
small size of the arteries, partial overlap with
other contrast-filled structures such as the
coronary sinus and the atrial appendages, and
poor opacification of the smaller, distal coro-
nary arteries at the end of the contrast injec-
tion. Also, heavy, circular calcification of the
coronary artery wall can obscure the coro-
nary lumen and render the coronary segment
noninterpretable. If not recognised, circular
calcification can be a cause of false nega-
tive™ or false positive® results. Achenbach?®
reported respiratory motion artefacts to be
the main cause of nonassessabilily in his
patient population. This was, however not
found to be a major factor in the other stud-
ies.

Diagnostic Accuracy

Diagnostic accuracy for the detection of sig-
nificant coronary artery disease was best for
the left main coronary artery. Not all stud-
ies included patients with left main stenoses,
but false positive fest results were very rare
{Table 1). Reported specificities ranged
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from 96 to 100%. The 3 fefl main stenoses
that were reported™ were all correctly diag-
nosed by EBCT angiography (sensitivity
100%).

Diagnostic accuracy for the detection of sig-
nificant stenoses in the proximal and mid-
dle LAD was uniformly found to be good.
Sensitivity values ranged from 82 to 98%
and specificity values ranged from 63% ° o
98%. The high amount of false-positive test
results in the LAD reported in the study by
Reddy et al, was due to misinterpretation of
arcas with heavy calcification. They used
maxinuun intensity projections for inter-
pretation, and i is known that partial volume
effects on MIP renderings can give the
impression of a stenosis in heavily calcified
parts of the coronary arteries.® Furthermore,
it 1s known from EBCT calcification stud-
ies that heavily calcified sites do not neces-
sarily coincide with a significant stenosis, '®
In general, diagnostic accuracy was a poor-
er for the RCA and LCX as compared to the
LAD. The lower specificity can be attributed
{o the smmaller size of these vessels, especially
the LCX > Further, poor contrast opacifi-
cation and partial volume effects can give the
impression of a stenosis in these smaller
arteries and lead to a falsc-positive result,
The lower sensitivity can be explained by the
fact that a farge part of the course of the RCA
and LCX is perpendicular to the imaging
plane.* Resolution in the scanning direction

is lower than the in tomographic planc
(tormograms are 1.5-mm thick), and these
vessels are thus for a large part visualized
with a lower spatial resolution. Short
stenoses can thus be missed, resulting in a
higher false-negative rate.

The reported numbers of false-positive tests
were low, which means a high specificity and
high negative predictive value. This poten-
tially makes EBCT coronary angiography a
very useful test to rule out significant coro-
nary artery discase and thus to avoid con-
ventional coronary angiography in a large
group of patients. {t is important to realize,
however, that diagnostic accuracy calcula-
lions can only be based on the coronary seg-
ments that were assessable in the first place.
The fact that on average only 70 to 75% of
EBCT angiograms were of sufficient qual~
ity to allow assessment of the right and cir-
cumitlex coronary artery makes this tech-
nique at the moment unsuited as an
alternative for conventional coronary angiog-
raphy.

EBCT ANGIOGRAPHY TO ASSES
BYPASS GRAFT PATENCY

In the 1980s several EBCT studies have been
conducted to assess coronary venous and
arterial bypass graft patency " (Table 2).
Three-dimensional rendering techniques
were not available at that time and therefore
only patency of the grafts could be deter-

Table 1. Diagnostic accuracy for detection of greater than 50% diamecter stenosis by EBCT angiog-

raphy in scveral published studies

Rendering  Arteries
Patients Technigue

Interpretable Spec{%) Spec(%)

LAD LCX RCA
Int/Sens/ Int/Sens/ Int/Sens/
Spec(e) Spec(%) Spec(%)

LM

Sens/  [nt/Scns/

Schmermund et al’ 28 SR/MPR/MIIP 88% 83491 100/~/100  90/82/98 71/75/81 Q1/90/83
Rensing et al’ 37 VR 81% 7794 9100/100  95/82/02 T6/83/89  66/6007
Achenbach etal* 123 SR 5% 92194 84/+4/99 R0/98/8%  66/7S/88  70/93/96
NekanishietalP 37 MPR NR T4/G1 NR/100/100 NR/83/84 NR/67/96 NR/63/79
Reddy et al* 23 MIP 0% 8879 100/-96 100/93/63 95/100/67 74/67/77
Budoffet al’ 52 MIP/SR 90% 7891 100~/100  92/82/90 85/67/86  79/83/79

Abbreviations: Ini, Interpretable, good enough visualization to allow classification; LM, lefi main coro-
nary artery; Sens, sensitiviiy; Spec, specificity; NR, not reporied.
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Figure 7. Exumple of 3D rendering of venous hypass grafts. Shown are voliine renderings from dif-

Serent angles. This putient has a single venous bypass graff to the LAD (black arrow), a single venous
graff to the right coronairy artery (arrawhead), and a single graft to the circumflex coronary artery
(small white arrows). In the grafl to the RCA the contours of « stent can be appreciated (asterisk).
The graft 1o the circumflex area is totally occluded at the anastomosis with the aorta. Three stents
had been implanted earlier and can still be appreciated on the 3D renderings. No contrast materi-
wl is present between the stents, proving that the graft is totalfy occluded. Ao, ascending aorta; LAD,
native lefi anterior descending artery; Pa, pulmonary artery, RCA, native right coronary: artery; SCV,

superior caval vein.

mined by assessment of the individual
transaxial tomograms. Only few arterial
bypass grafts were included m these studies,
but diagnostic accuracy appears to be equal
for both type of conduits (Table 2). With the
advent of 3D reconstruction techniques
(Figure 7), a renewed interest in EBCT
bypass graft visualization arose. Achenbach
et al* and Jong-Won et al ! used surface ren-
dering to assess bypass graft patency (Table
2). Diagnostic accuracy was similar to that
reported in the older studies using tomo-

graphic assessment. However, 3D rendering
offers the possibility not only 1o assess paten-
cy bul also to visualize haemodynamically
significant stenoses in bypass grafis. This
was studied by Achenbach ef al. They were
able to evaluate 84% of patent grafts.
Sensitivity and specificity to detect a sig-
nificant stenosis was 100% and 97%, respec-
tively. The main reasons for noninter-
pretability were breathing artefacts and
misplacement of the imaging volume, which
caused part of the grafi not to be visualised.

Table 2. Patency assessment of bypass grafts by EBCT

No of No of Analysis Sens/Spec Sens/Spec
venous grafts arterial grafts technique Venous graft  Arterial grafts
Stanford"” 116 1 Tomograms  94/88 88/100
Bateman"® 39 - Tomograms  95/86 -
Bateman' 68 12 Tomograms  95/97 100/160
Achenbach™ 55 1 3D 160/100 NV
Jong-Won® 57 22 3D 92/91 80/82

Abbreviations: NV, not visualized; Sens, sensitivity; Spec, specificity.
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Jong-Won et al found a lower diagnostic
accuracy with 3D renderings for the assess-
ment of arterial grafts as compared to
venous grafts, They attribute that to the
smalier size of these grafls and the fact that
metal surgical clips are more abundandy
used, These ¢lips are known to cause beam
hardening and stellate artefacts.

TECHNICAL IMPROVEMENTS
Technical improvements should primarity be
directed towards reducing the amount of
noninterpretable EBCT  angiograms.
Currently work is being conducted to reduce
the tomogram acquisition time from 100 ms
to 50 ms. In combination with better ECG
triggering protocols, end-diastolic motion
artefacts can probably be reduced. Recently
a new detector array was introduced that is
expected lo improve the in-plane resolution
with 30% to 10 linepairs/cm. It is expected
that this will increase assessability and diag-
nostic accuracy in smaller vessels and
improve discrimination between the coro-
nary arterigs and overlapping structures,
Breath-holding limitations and singie tomo-
gram acquisition per heartcycele limit the vol-
ume of the heart that can be visualized dur-
g 1 contrast injection. Therefore, the
distal coronary arteries can not be visualized
during a single contrast injection in all
patients. This can be solved by a second con-
trast injection at the expense of an increased
contrast volume. Furthermore, tomograms
that are obtained during the later phase of the
contrast injection suffer from a reduced con-
trast resolution belween the contrast-
enhanced myocardiutn and (smatl} coronary
arteries.”

Ideally, the complete heatt should be scanned
within a few heartbeats. This would short-
en breath-holding time, decrease the proba-
bility of artefacts caused by arrhythmias and
reduce the total amount of contrast medium
necessary for opacification. Therefore, to
decrease image acquisition time, a tomo-

graphic imaging technigue must be able to
perform to multiple, simultaneous, parallel
tomograms and thus become more of a vol-
ume scanncr. Thomas et al, used the multi-
slice mode of the EBCT scanner to obtain 8
tomograms (slice thickness & mm) of a tho-
rax phantom within 224 msec.” The com-
plete heart and coronary arteries could be
visualized in 6 heartbeats. However, very
extensive and time-consuming computations
were necessary to correct for the noncopla-
nar oricntation of the targetrings relative to
the detector ring and to deconvolve the over-
lapping 8-mm slices into thinner slices.
Altheugh the image acquisition window is
probably to long and the deconvolved slice
thickness still to high to reliably depict coro-
nary arterics in vivo, this report shows that
multislice EBCT coronary angiography is
possible and represents a promising alter-
native to single slice angiography.

A solution to the problem of circular calci-
fication of the vessel wall (a major source
of false negatives) might be visualising the
coronary artery from the inside, A post pro-
cessing technique called "{ly through virtu-
al angioscopy” tracks the contrast-enhanced
lumen of the artery on the individual tomo-
grams. After stacking and interpolation the
computer constructs a movie that pives the
illusion of travelling through the artery.
Using this technique van Qoijen ct al were
able to distinguish stenosed and calcified
areas.”

CONCLUSION

Intravenous EBCT coronary angiography in
conjunction with 3D reconsiruction and ren-
dering techniques is a promising imaging
modality that allows for noninvasive visu-
alization of the proximal and middle parts of
the coronary arteries. Currently it is a rea-
sonably robust technique for the visualiza-
tion and assessment of the lefl main and left
anterior descending coronary artery. An
important problem at the moment is the rel-
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atively high proportion of noninterpretable
angiograms of the right and circumflex coro-
nary artery. Active work is being conduct-
cd to improve in image acquisition and post-
processing techniques. This is expected to
improve visualization and diagnostic accu-
racy of the technique.
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ABSTRACT

Intravenous coronary angiography with electron beam computed tomography (EBCT) allows
for the non-invasive visnalization of coronary arteries. With dedicated computer hardware
and software, three dimensional renderings of the coronary arteries can be constructed, start-
ing from the individual transaxial tomograms. This article describes image acquisition, post-
processing techniques, and the results of clinical studies. EBCT coronary angiography is
a promising coronary artery imaging technique. Currently it is a reasonably robust tech-
nique for the visualisation and assessment of the left main and left anterior descending coro-
nary artery. The right and circumflex coronary arteries can be visualised less consistently.
Improvements in image acquisition and postprocessing techniques are expected to improve
visualisation and diagnostic accuracy of the technique.
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INTRODUCTION

Recently intravenous coronary angiography
using clectron beam computed tomography
{EBCT) has emerged as a new coronary
imaging technique.'” By virtue of the
absence of moving parts, EBCT can con-
struct ECG triggered, high resolution tomo-
grams in [00 ms. This is fast enough to
reduce cardiac motion artefacts and produce
high quality cardiac images,” especially
when the acquisition window is set during
diastasis. The scanner was originally
designed in the 1980s for cardiac function
studies and myocardial perfusion imaging.®
Later it was applied for the accurate quan-
tification of coronary calcification.’

TECHNIQUE

Image acquisition

Scanning is performed with the patient in the
supine position. Contrast (iopromide 350 mg/
ml) is injected through an antecubital vein
to & total of 150 ml. Tomography starts just
proximal to the left main coronary artery
after an ECG trigger at 80% of the RR inter-
val (diastasis). A tomogram thickness of 1.5
mm and a table increment after each tomo-
gram of 1.5 mm results in contiguous non-
overlapping slices. A total of 40-60 confrast
enhanced tomograms are made during a sin-
gle breath hold after intravenous contrast

al object can be visualised. Several three

administration. Radiation exposure for a
complete examination is estimated to be <
20 mGy.*” This is approximately one fifth of
the radiation exposure at coronary angiog-
raphy." It is our® and others' "' experience that
after instruction most patients are able to hold
their breath for at least 35 seconds. The indi-
vidual tomograms have a resolution of 4-6
linepairs/cm and the scanning time for each
tomogram is 100 ms, The spatial resolution
in the scanning direction is limited by the
slice thickness of [.5 mm. Very short
lesions (< 3 mm long) in artery segments that
are perpendicular to the scanning plane can
therefore be missed. Although these speci-
fications fall short of the spatial (5 line-
pairs/mm) and temporal resolution (up to 50
frames/s) of conventional cine coronary
angiography, proximal and middle parts of
the coronary arteries can be visualised with
EBCT.

Three dimensional reconstruction

Two dimensional transaxial tomograms are
transferred to a computer workstation where
they are stacked and interpolated to form a
three dimensional volume using specialised
software. This process creates a database rep-
resentation of a three dimensional object.
With special rendering technigues this data-
base representation of the three dimension-

Figure 1 (4) Transaxial tomogram afler intravenous contrast injection. do, ascending aorta; RVOT,
right ventricular outflow tract, RAA, right atrial appendage; black arvow, left main coronary artery;
white arrow, proximal left anterior descending artery. (B) Transaxial tomogram at a lower level.
LA, lefi atrium; black arvowhead, proximal cireumflex artery cut perpendicular. (C) Transaxial tomo-
gram af the level of origin of the right coronary artery (while arrowhead).
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Figure 2. Rendering of the left coronary ariery before (A) and after (B) removal of the leff atrial

appendage (LAA). in (4) the left circumflex coronary arfery (LCX) is hidden under the left atrial
appendage, Ai the tomographic level the airial appendage was removed manually on 15 levels before
rendering (B) was made. (C) Pressure fixed anatomical specimen showing the relation benveen atri-
af appendage and civcumflex artery. Diag, ramus diagonalis; LAD, left anterior descending coro-
nary artery; PV, pulmonary veins; RAA, right atrvial appendage; RCA, right coronary artery; RVOT,
right veniricular outflow fract; SVC, superior vena cava. Reproduced from MeAlpine” with permission

of Springer Verlag.

dimensional rendering techniques are avail-
able,” but we almost exclusively use volume
rendering.’ Volume rendering allows certain
parts of the three dimensional object to be
iransparent so that structures behind these
parts arc still visible. By assigning the right
colour and opacity values to different tissues,
real anatomy is simulated in much the same
way as pictures in an anatomic atlas (Figures
2,3, and 4).%

CLINICAL PERFORMANCE

Several groups have compared intravenous
EBCT coronary angiography to conventional
angiography.>” In all these studies both the
original tomographic data and the three
dimensional renderings were used to assess
the coronary arteries. Overall, the technique
allowed visualisation of the proximal and
mid-coronaty arteries in approximately 80%%
of cases. The left main coronary artery and
proximal and middle parts of the left ante-
rior descending coronary artery could gen-

Figure 3. (4) A pressure fixed anatomical specimen showing the proximal and middle right coro-

nary artery (RCA) with iis side branches (conus branch (CB) and right ventricular branch (RVE)).
Reproduced from Mcdipine * with permission of Springer Verlag. (B} A three dimensional render-
ing of the right coronary artery. Because of the small size, only the proximal part of the coms branch
could be seen. The right vemricular branch has a stenosis in the proximal part. At the right side of
the picture the left anterior descending coronary artery can be clearly seen. do, ascending aorta;
PT, pulmonary trunk; LV, lefi ventricle; RV, right ventricle; RA, right atrivm.
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f’rgme 4. Rena’u ings of the left coronary arterial and venous ?ystemv (A) Grear cmdmc veiit (G V)
running paratief to “he lefi anterior descending coronary aitery (LAD), crossing under the circum-
Slex artery (LCX) and entering the coronary sinus (CS). *Triangle of Brocq and Mouchet formed by
the proximal left anterior f/escena'irrg corenary artery, the proximal circumflex coronary artery, and
the great cardiac vein crossing from the anierior interventricular groove to the afrioventricular groove.

{B) Three dimensional render ing of the same dalasel offering a more lateral and posterior view of
the heart, arteries, and veins. This clearly shows the possibility of the three dimensional rendering

technique to view the object from any angle.

erally be visualised and assessed in 90-100%
of cases, with a scnsitivity to detect a sig-
nificant stenosis of 85-90% and a specifici-
ty of around 90%. Images of the right and
circumflex coronary arteries were inter-
pretable in only 75% of cases, with a little
lower diagnostic accuracy in general. Major
causes for non-assessability were cardiac
motion artefacts, and the smaller size of the
middle and distal parts of the right and cir-
cumflex arteries. Improvements in ECG trig-
gering, shorter acquisition time (50 ms high
resolution tomograms), and improved spa-
tial resolution with a recently introduced new
detector ring are expected to improve visu-
alisation and diagnostic accuracy of the tech-
nique.

CONCLUSION

Intravenous EBCT coronary angiography is
a promising imaging modality that allows for
non-invasive visualisation of the proximal
and middle parts of the coronary arteries

REFERENCES

H

Moshage WE, Achenbach S, Seesc B, et al.
Coronary artery stenoses: three dimension-
al imaging with efectrocardiographically trig-
gered, contrast enhanced, electron beam CT.
Radiology 1995:196:707-14.

Schmermund A, Rensing BJ, Sheedy PF, et
al. Intravenous electron beam CT coronary
angiography for segmental analysis of sig-
nilicant coronary artery stenoses: feasibili-
ty and limitations. T Am Coli Cardiol
1998;31:1547-54.

Rensing BJ, Bongaerts A, van Geuns RJ, et
al. Intravenous coronary angiography by
clectron beam computed tomog-raphy. A

clinical cvaluation. Circulation
1998;98:2509-12.
Achenbach S, Moshage W, Ropers D, et al.

Value of clcct]on—bcam computed lomogra-
phy for the neninvasive detection of high-
grade coronary-artery stenoses and occlu-
sions. N Engi J Med 1998;339:1964-71.
Naleanishi T, Ito K, lmazu M, et al. Evaluation
of coronary artery stenoses using electron-
beam CT and multiplanar reformation. |



200 CHAPTER 14
Comput Assist Tomogr 1997;21:121-7. implications. A statement for health profes-
6 Reddy PR, Chernoff DM, Adams JR, et al. sionals [rom the American Heart

Coronary artery stenoses: asscssment with
contrast enhanced electron beam CT and
axial reconstructions. Radiofogy
1998,208:167-72.

Budoff MJ, Oudiz RJ, Zalace CP et al
Intravenous three-dimensional coronary
angiography using contras! enhanced ¢lec-
tron beam computed tomography. Am [
Cardiol 1999;83:840-3.

Stanford W, Rumberger JA. Ultrafast com-
puted tomography in cardiac imaging: prin-
ciples and practice. Mount Kisco, New York:
Futura, 1993:1-16.

Wexler L, Brundage B, Crouse, I, et al
Coronary artery calcification: pathology, epi-
demiotogy, imaging methods, and clinical

10

11

Association. Circulation 1996; 94:1175-92.
Stehling MK, von Smckat A, Reise M. MRI
der Koronararteriecen Moglichkeiten und
Grenzen. Radiologe 1994;34: 462-8.

Gay SB, Sistrom CIL, Holder CA, ot al.
Breath-holding capability of adults.
Tmiplications for spiral computed tomogra-
phy, fast acquisition magnetic resonance
imaging, and angiography. Invest Radiol
1994;29:848-51.

Van Ooyen PMA, de Feyter PJ, Cudkerk M.
An introduc-tion to three dimensional car-
diac image rendering and processing.
Cardiologic 1997;4:312-19.

McAlpine WA, Heart and coronary arterics.
Heidelberg: Springer Verlag, 1975.



Chapter 15
Intravenous Coronary Angiography by
Electron Beam Computed Tomography:

A Clinical Evaluation

B.J. Rensing, R.J. van Geuns, A. Bongaerts, P. van Ooijen,

M. Oudkerk, P.J. de Feyter.

Published in Circulation 1998;95:2509-12



202 CHAPTER 15

ABSTRACT

Background;

Noninvasive detection of coronary stenoses with electron beam CT (EBCT) after intra-
venous injection of contrast mediwm has recently emerged. We sought to determine the
diagnostic accuracy of EBCT angiography in the clinical setting using conventional coro-
nary angiography as the "gold standard."

Methods and Results:

Thirty-seven patienis (30 men) were investigated. Afler intravenous injection of 150 mL
of contrast medium, 40 to 60 consecutive transaxiat tomograms, covering the proximal and
middle parts of the coronary arteries, were obtained with ECG triggering at end diastole
during breath-holding. Three-dimensional reconstructions of the proximal and middle parts
of the arteries werc compared with the conventional angiograms. Of the 259 proximal and
middle coronary segments, 211 {(81%) were analyzable by EBCT. Of'the left antcrior descend-
ing coronary artery (LAD) segments, 95% werc assessable. Right coronary artery (RCA)
and lfeft cireumflex artery (LCX) segments were assessable in 66% and 76%, respective-
ly. Overall sensitivity and specificity to detect a »50% diameter stenosis were 77% and
94%, respectively. This was 82% and 92% for the LAD, 60% and 97% for the RCA, and
83% and 89% for the LCX (all figures based on assessable lesions).

Conclusions:

Intravenous EBCT coronary angiography is a promising coronary imaging technique. The
technique is not yet robust cnough to be an alternative to conventional coronary angiog-
raphy. 1t can detect and rule out significant coronary artery disease of the left main prox-
imal and mid portions of the LAD with good accuracy.
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INTRODUCTION

Recently, clectron beam CT (EBCT) has
emerged as an imaging technique that
allows visualization of epicardial coronary
arterics after intravenous injection of contrast
material."” Few dala concerning the diag-
nostic accuracy of EBCT coronary angiog-
raphy are available at the moment, The lat-
est upgrading of the scanner allows improved
resolution in the scanning direction. Slice
thickness (collimation) and table feed after
each scan can be decreased to 1.5 mm. The
purpose of the present study was to compare
noninvasive EBCT coronary angiography
with conventional coronary angiography in
the clinical setting and to determine the diag-
nostic accuracy of EBCT angiography.

METHODS

Thirty-seven patients who underwent diag-
nostic coronary angiography were asked to
participate in the study and gave informed
consent, The study was approved by the
Institutional Review Board. Two patient slots
per week for cardiac rescarch were available
at the EBCT site. Therefore, our patient pop-
ulation is not sirictly consecutive. All
patients who met the inclusion criteria were
approached until the 2 slots for that week
were filled. Exclusion criteria were previous
bypass operation or stent implantation,
severe lung diseasc or comorbidity that made
breath-holding difficult, renal failure, non-
sinus rhythm, and unstable clinical condition.

EBCT Angiography

The EBCT scanner (Siemens Evolation)
allows the acquisition of high-resolution
tomograms in 100 ms, which is fast enough
to prevent cardiac motion artifacts. A
description of scanner specifications can be
found elsewhere.® Contrast transit time was
determined by injection of 10 mL of contrast
medium (Iopromide, Schering) at a rate of
4 mL/s through an antecubital vein and visu-
alization of the passage of the contrast

through the ascending aorta by 20 consecu-
live tomograms. The time from contrast
mjection to peak density of the aoita was
considered the transit time. Tmage acquisi-
tion started with the injection of 150 mL con-
trast medium at 4 mL/s. At transit time,
tomography commenced just proximal to the
takeoff of the left main (LM) coronary artery
after an ECG trigger at 80% of the RR inter-
vil. The table increment after each tomogram
was .5 mm, A total of 40 to 60 lomograms
were acquired. Because of patient limitations
{maximal breath-hold time} and scanner lim-
itations (1 scan per heart cycle and £.5-mm
tomogram thickness), only the proximal and
middle parts of the coronary arteries could
be visualized consistently. To decrease
breath-holding time, atropine 0.5 to 1.0 mL
was administered if heart rate was <60 bpm.
Radiation dose was estimatcd to be <20
mGy.

Three-Bimensional Reconstruction

The 2-dimensicnal tomograms were trans-
ferred to a Silicon Graphics workstation,
where they were stacked and interpolated to

Figure 1. 3D rendering of left coronary arter)
At trifircation of LAD, intermediate branch, and
LCX, stenosis in LAD can be seen (black arrow).
Arrowhead indicates great cavdioe vein on enter-
ing coronary sinus. Later, it blends with LCX
(white arrow). RVOT indicaies right ven-
tricular outflow tract; SCV, superior caval vein.
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form a 3-dimensional (3D} volume by use
of Voxel-View volume-rendering software.
Postprocessing techniques were applied to
better visualize the coronary artertes between
the other contrast-enhanced cardiac struc-
tures.™ Average postprocessing time was 15
to 20 minutes (Figure ). To selectively visu-
alize the coronary lumen, renderings were
made with a lower threshold of 110
Hounsfield units. Two cardiologists unaware
of the results of the selective coronary
angiogram or the EBCT angiograms inde-
pendently  evaluated  either EBCT
angiograms (the 3D reconstructions and the
individual tomograms) or the selective coro-
nary angiograms, The coronary tree was
divided into proximal, middle, and distal seg-
ments according to AHA guidelines.’ The
proximal and middle segments were graded
as assessable or nonassessable. Then they
were graded as having either no significant
disease (<<50% diameter stenosis) or signif-
icant disease {(50% diameter stenosis). In case
of disagreement, a third cardiologist decid-
ed.

Statistics

The selective angiogram served as the "gold
standard" for determination of the diagnos-
tic value of the noninvasive EBCT coronary
angiogram. The diagnostic accuracy of
EBCT angiography is expressed as sensi-
tivity, specificity, and positive and negative
predictive value,

RESULTS

Thirty-seven patients (30 men)} underwent
both conventional and EBCT coronary
angiography. Mean age was 58+6 years
{range, 42 to 82 years). Mean weight was
70£10 kg, and mean height was 17112 cm.
Mean time interval between both examina-
tions was (0413 days. At conventional
angiography, 9 patients had no significant
coronary stenosis, 12 had 1-vessel disease,
11 had 2-vessel disease, and 5 had 3-vessel

Table 1. No. of Segments Assessable
Segment n (%)

RCA proximal 33 /37 (89)
RCA middle 16 /37 (43)
LM 36 /37 (97)
LAD proximal 35/37 (95)
LAD middle 35 /37 (95)
LCX proximal 33737 (89)
LCX middle 23 /37 (62)
Total 211 /259

disease. LM disease was present in |
patient. Mean heart rate during the EBCT
angiography was 72+10 bpm (60 to 105
bpm). Mean breath-holding time was 36 sec-
onds. After mild hyperventilation and
instruction, all patients were able to hold
their breath for 40 tomograms. Atropine 0.5
to 1 mg was administered in 25 patients.
Conventional angiography showed 1 sig-
nificant LM lesion, 15 right coronary artery
(RCA) lesions, 16 left anterior descending
coronary artery (LAD) lesions, and ¥ left cir-
cumflex (L.CX) lesions in the proximal and
middle portions of the coronary tree. Of the
259 proximal and middle coronary artery
segments, 211 (81%) were assessable by
EBCT angiography (Table 1), Five (33%) of
the proximal and middle RCA lesions and
2 (25%) of the proximal and middle LCX
lesions were located in scgments deemed not
assessable by EBCT angiography. Table 2

Table 2. Diagnostic Accuracy for Detection
of a »50% Diameter Stenosis of EBCT
Angiography'

Total LM

LADLCX

RCA
Scnsitivity, % 77
Specificity, % 94

100 82 83 60
100 92 8% %7
PPV, % 73 100 78 50 86
NPV, % 95 100 94 97 90

" Calewlated for 211 assessable segments on a
total of 259 proximal and middle coronary seg-
menis PPV indicates positive predictive value;

NPV, negative predictive value.
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Table 3. Causes for Nonassessability of 48 Proximal and Middle Coronary Segments
LAD, n (%) LM, n (%) RCA, n (%) LCX n (%)

Scanning started below ostium 1 (25) 1(100)

Circular calcification 2 (50)°

Cardiac motion artifacts 7 (28)

Breathing artifact 1(25)

Blending with contrast-filled structures 5(20) 4(22)

Distal to total occlusion 3{12) 1 (6)

Small vessel (<2 mm) 3(12) 10 (56)

Poor distal opacification 3(12) 317

Arrhythmia 3(12)

Distal part not covered by tomograms 1(4)

"l pafient.

summarizes diagnostic accuracy parameters DISCUSSION

of EBCT angiography. The causes for the
inability to assess 46 proximal and middle
coronary segments with EBCT are summa-
rized in Table 3. The causes for false-nega-
tives or false-positives are given in Table 4.
The major cause of false-positive classifi-
cation was poor opacification in smalt dis-
tal coronary arderies. Calcification of the ves-
sel wall obscuring a luminal narrowing was
the major cause of false-negative classifi-
cation. The only reported side effect of
atropine was oral dryness in 5 patients,
Angina occurred once, with reversal after
oral nitroglycerin.

Others™ and we have shown that EBCT
coronary angiography is feasible and safe.
It allows visualization of the proximal and
middle coronary arteries in a majority of
patients. With special computer sottware, the
individual tomograms can be stacked and 3D
renderings of the coronary arteries con-
siructed.™

Limitations of the Technigue

The inability to assess coronary anatomy in
a large proportion of mid RCA and LCX
lesions requires further improvement of the
technique. Conversely, all but 1 of the LM
arteries and 95% of the proximal and mid
LAD segments were assessable by current

Table 4. Reasons for Misclassification of Coronary Segmenis
LAD, n RCA,n LCX,n

False positives

Scanning started too low *
Premature atrial complex 1
Smali distal artery (<2 mm) 1 5
Breathing artifact i
False negatives

Heavy calcification obscuring lumen 3# 2

Overlap with right auricle 1
Owverlap with coronary sinus 1
Diastolic motion artifact 1

* patient;

"2 patients.
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Figure 2, 3D rendering of inferior side of heart
afler second contrast injection. Black arrowhead
indicates middle cardiac vein entering coronaiy
sinus (black arrow); white arrow, distal RCA; and
white arrowhead, small posterior descending

artery runming parallel to vein. Discontinuity of

RCA at erux cordis is caused by partial intramural
course. On individual fomograms, absence of a
stenosis could be observed.

EBCT with a good diagnostic accuracy
(Table 2). Breath-holding limitations and sin-
gle tornogram acquisition per heart cycie
restrict the volume of the heart that can be
scanned during 1 contrast injection.
Therefore, distal coronary arteries are only
rarely visualized. Although one could argue
whether stenoses in small distal coronary
arteries have important symptomatic or
prognostic meaning per se, visualization of
the posterior descending artery is important
and should be possible. A second contrast
injection can visualize the distal part of the
caoronary trajectory, but at the expense of
doubling the contrast volume (Figure 2). To
accurately visualize coronary arteries <2 mm
(the major cause of false-positive results and
nonasscssability), spatial resolution needs
improvenient.

Technical Improvements

A recently introduced new detector array is
expected to improve in-plane resoltution by
30%. This will probably increase assess-

ability and diagnostic accuracy in small coro-
nary vessels and might improve discrimi-
nation of overlapping contrast-filled struc-
tures. At the moment, the scanner can make
only 1 tomogram per heart cycle. Ideally, the
complete heart should be scanned within a
few heartbeats, thereby shortening breath-
holding time, decreasing the deleterious
effect of arrhythmias on imaging, and reduc-
ing the total amount of contrast medium nec-
essary for opacification. For this, the scan-
ner has to be modified to allow acquisition
of multiple simulianeous parallel tomograms
and thus become more of a volume scanncr.
Finally, to preveat end-diastolic motion
artifacts of the RCA, tomogram acquisition
time <[00 ms and true end-diastolic ECG
{R-wave) triggering are necessary. A solu-
tion to the problem of circular calcification
of the vessel wall (a major source of false-
negatives) might be te visualize the coronary
artery from the inside. A postprocessing tech-
nique called "fly-through” fracks the con-
trast-enhanced lumen of the artery on the
individual tomograms. After stacking and
interpolation, the computer constructs a
movie that gives the illusion of traveling
through the artery.

CONCLUSIONS

EBCT coronary angiography is a technique
under development and is currently not an
alternative to conventional coronary angiog-
raphy. At the present time, it can detect and
rule out significant coronary artery discase
of the proximal and middle portions of the
LAD with good accuracy and thus may pro-
vide us with important prognostic informa-
tion,
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ABSTRACT

Background:

Virtual reality techniques have recently been introduced into clinical medicine. This study
gxamines the possibility of coronary artery fly-through using a dataset obtained by nonir-
vasive coronary angiography with contrast-enhanced electron-beam computed tomography.

Methods and Results:

Ten patients were examined, and 40 to 60 transaxial tomograms (thickness, 1.5 mm; in-
plane pixel dimensions, 0.5 % 0.5 mm) were obtained after intravenous contrast injection.
The datasets were processed on a graphics workstation using volume-rendering software.
For fly-throughs, the contrast-enhanced lumen was made transparent and other tissue was
made opaque. Then, key frames were selected in a path through the vessel, with software
interpolation of frames between key frames. A typical movie contained 150 to 300 frames
(10 to 15 key frames). Fly-throughs of coronary bypass grafts (n=3), left anterior descend-
ing arteries (LAD; r=6), and the intermediate branch (n=1) were reconstructed. Coronary
caicifications were seen in 3 patients, The fly-through of the intermediate branch, the bypass
grafts, and one of the LADs did not show any irregularities. In 2 cases, a stenosis was vis-
ible in the LAD; its presence was confirmed by conventional coronary angiography.

Conclusions:

Recent developments in fast-volume rendering using special-purpose hardware in combi-
nation with noninvasive coronary angiography with electron beam computed tomography
have provided the possibility of performing coronary artery fly-throughs.



VIRTUAL CORONARY ANGIOSCOPY

211

INTRODUCTION

Coronary angiography is the standard way
of wvisualizing the coronary arteries.
However, this method is invasive and, in a
few cases, the procedure is associated with
complications and has a small risk of mor-
tality, Therefore, noninvasive methods to
visualize the coronary arteries are currently
under investigation; these include MRI'? and
clectron-beam computed tomography
(EBT).** Coronary angiography depicts the
coronary artery as a planar silhouette
{lumenogram) and, therefore, only detects a
stenosis if the plaque obstructs the lumen; it
also provides no information on the vessel
wall. Coronary artery fly-through is anoth-
er way (o provide a comprehensive delin-
eation of the lumen and the impact of ves-
sel wall discase on the lumen. Some
examples of fly-throughs of the coronary
arteries with calcifications and stenoses arc
shown in this article.

METHODS

For this study, 10 patients were selected who
had a noninvasive, contrast-enhanced EBT
angiogram of adequate quality. The data
acquisition was performed on an Evolution
XP {Imatron) EBT scanner. The acquisition
of the 3D dataset began with the injection
of 120 to 180 mL of contrast medium at 3
to 4 mL/s through an antecubital vein.
Scanning commenced just proximal to the
left main coronary artery after an ECG trig-
ger at 80% of the RR interval (diastasis). The
tomogram (slice) thickness was sei at 1.5
i, and the table increment afler each tomo-
gram was set at 1.5 mm, which resulted in
contiguons, nonoverlapping slices. A total of
40 to 60 transaxial tomograms were made
during a single breath-hold. Breath-holding
1s necessary during data acquisition to aveid
respiratory motion artifacts. Field-of-view
size was generally set at 18 cm, with a matrix
size of 312 x 512 pixels; this yielded a pixel
size of 0.35 x 0.35 mun. The acquired data

were then transferred to a special-purpose
graphic workstation (Indigo2, Silicon
Graphics, Inc) mnning VoxelView software
(Vital Images} for volume rendering and pro-
cessing>®

The volume datasct consisted of voxels (3D
pixels), each of which had a certain value that
was based on the tissue density value meas-
ured by the EBT scanner. Using these voxel
values, several types of renderings can be
performed. One of the possibilities is to con-
struct a fly-through movie. A fly-through is
similar in some ways to a flight-simulator.
The surroundings in a flight-simulator are all
virtually stored in a large computer database,
and the image shown to the pilot is based on
the position and direction of the virtual air-
plane in the virtual surroundings. By a fast
and smooth replacement of the image of the
virtual surroundings, the illusion of {lying is
created. In the case of a coronary artery fly-
through, the surroundings are the scanned
data, and the airplane can be thought of as
a camera mounted on the tip of a catheter,
The images shown are based on the position
and direction of this catheter in the coronary
artery. By displaying images at consecutive
positions along a certain path through the
coronary (the flight path), the illusion of
moving through this artery is created.

To make a fly-through movie like this, the
vessels must be "hollowed out” by assign-
ing voxels representing contrast-media-rich
blood an opacity of zero (full transparency)
(Figure 1). Next, the viewpoint is moved
inside the aofta or coronary artery; this will
be the first key frame. After this, a number
of viewpoints can be sclected, which are
positioned along the flight path as key frames
for the movie (typically 10 to 15 key frames
are selected). These key frames and the
desired mumber of frames to be interpelat-
ed between the key frames are fed into the
VoxelAnimator software, which is used to
render the movie. From this information, the
software interpolates a curve through the
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Figure 1, Top, these graphs coniain 2
types of information. The histogram
shows the distribution of the voxel val-
wes. The x axis represents the voxel
value, and the y axis, the number of
voxels with this value, The line graph
shows the opacity value assigned to a
certaiin voxel valire. The x axis again
B yepresents the voxel value, and now the
= v axis shows the opacity percentage
(low value is iransparent; high value
1 iy opaque). The images on the botiom
| demonstrate the effect of a change in
opacity setting. The botfom left image
L shiows the typical opacity sefting used
to depict the contrast-rich blood in the
fumen of the vessel (maximum opaci-
| fication), which is not necessarify an
| optimal seiting for the depiction of the
[ coronary arteries. In this case, the soft
tissue and far (with a lower voxel
value) are transparent, and the con-

trast- enimmed blood (wn‘h a lugher vovel value) is fully opague, On the bottom right, the opacity

Jor the soft tisswe and fat is kigh (small peak in the yellow curve), and the voxel values corvespon-
ding to conirast-enhanced blood are filly transparent. As can be appreciated fiom the image shown,
this type of setting hollows out the vessels, which enables flving through.

defined key frames and renders the request-
ed number of new frames between the key
frames along this curve, which results in a
150- to 300-frame movie.

RESULTS

The 3D EBT datasets of 39 patients were
evaluated, with special attention paid to inter-
slice correlation quality, lack of artifacts, and

o

- -

the wa[fﬂ' disappear aim’ it becomes clear that this is .lzof o caiuﬁedp."aque but ant artifect from the
sternum and the sternal wires. The actual flv-through is shown in Movie L

slice image quality. The best 10 datasets were
selected for coronary artery fly-throughs.
From these 10 patients, fly-through movies
of coronary artery bypass grafts (n=3), the
left anterior descending artery (LAD; n=6),
and the intermediate branch (n=1) were con-
structed. Typical examples from a bypass
{(Figure 2 and Movie T[Movies I to Il can
be found online at http://circ.ahajournals.org/

| Figure 2. (4) Volume ren-
W derings of a patient with a
. coronary artery  bypass
graft. The left image shows
the artifact introduced by
the segmentation of the ster-
nitnt and sternal wires as a
bright white portion of the
bypass graft. Evaluating the
patency of the graft af this
particular point is difficuli.
(B) When flying through
the vessel, it is clear from
the first 2 images that the
‘ graft is patent. However, a
" possible calcified region
shows up in the second
image. By setfing the opuc-
ity curves slightly differen-
Iy (third and fourth images),
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cgi/content/full/102/1/DCI]) and from the
LAD (Figures 3 and 4 and Movie Il and
HI) are shown. Coronary calcifications were
visible in 3 patients (eg, Figure 4 and Movie
D), and a significant stenosis, which was
confirmed by conventional diagnostic coro-
nary angiography, was depicted in 2 patients
{eg, Figure 3 and Movie II).

DISCUSSION

EBT coronary angiography has emerged as
a potentially viable technique for noninva-
sive visualization of coronary arteries and
coronary bypass grafts.** However, although
the technique 1s reasonably robust, only 81%
of' the major coronary artery branches could
be visualized with sufficient quality to
assess patency, the presence of a severe

Figure 3. (A) The left image
shows a 3D volume rendering of
the coronary arteries. The steno-
sis can be seen in the proximal
part of the LAD right afier the left
main. This stenosis was con-
firmed using conventional coro-
mary anglography shown on the
right. (B) Some interesting frames
Jrom the flv-through. The trifisr-
cation through the Ilumen is
approached in frames I through
6, and movement is loward the
stenosed origin of the LAD.
Frame 7 shows the sienosis in
close-up and, in frame 8. the
stenosis has been crossed and the
remaining part of the LAD is
seen. The actual fly-through is
shown in Movie 1L

stenosis, or total occlusion.' For the recon-
struction of fly-through movies, the image
quality of the 3D datasets must be perfect.
Even small irregularities may hamper the
successful construction of a coronary artery
fly-through. Aquisition problems include the
following. (1) Problems with breath-holding
may reduce the continuation of a coronary
artery from one slice to another. (2)
Arrhythmia, or even a single premature com-
plex, may lead to images that are triggered
at a slightly different time in the heart cycle,
resulting in a displacement of 1 to 2 mm of
a single slice with respect to the other slices,
This creates a discontinuation of the coro-
nary arteries in 3D reconstructions. (3)
Vessels with a diameter <1.75 num (area, 5x5
pixels) will not provide a smooth corenary
! Figure 4. When flying
through a caleified LAD,
! the calcifications show
up as white blobs float-
ing inside the vessel. in
this case, 3 big caleifi-
cations were pﬂ.‘i‘.ﬂ'é,‘d an
the fly-through of the
LAD. The actual fly-

through is shown in
Movie 111
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fly-through. (4) Movement artifacts of the
right coronary artery during the [00-ms
image acquisition time hamper the con-
struction of a fly-through movie of this
artery.

In addition to these acquisition problems, the
recenstruction of a coronary artery fly-
through is very time-consuming; therefore,
only the best quality datasets with a large
vessel diameter were selected to undergo this
procedure. For these reasons, a high-quali-
ty coronary artery fly-through was recon-
structed in only 25% of the eligible patients.
Much of the difficulties stated here can be
overcome in the future by improvements in
the spatial and temporal resolution of the
EBT scanner. An update of the scanner is
already available with a higher spatial res-
olution; this will increase the image quality
and provide the possibility to display and fly-
through smaller vessels. A reduction of slice
acquisition time to below 100 ms will
decrease the artifacts introduced by the
movement of the right coronary arfery. New
scanning techniques that allow the acquisi-
tion of >1 slice during each heartbeat will
shorten total scanning time and, thus, reduce
the artifacts introduced by arrhythmias and
breath-holding problems. Furthermore, the
rapid development of both special-purpose
rendering hardware and software will pro-
vide faster and more interactive ways to
reconstruct fly-through movies.
Fly-through movies of venous bypass grafts
are relatively easy to make because the ves-
sel diameter is relatively large, and the car-
diac motion of these vessels is limited.
However, surgical clips or sternal wires may
sometimes degrade the images because of the
bright artifacts they cause (Figure 2 and
Mavie 1). Calcifications of the vessel wall,
which have a very high voxel value, are
retained in the fly-throughs and are visible
as white blobs floating in the artery (Figure
4 and Movie HIi).

These preliminary findings demonstrate the

feasibility and potential of this method in
coronary artery or bypass graft fly-through
movies. The technique of coronary artery fly-
through cannot be considered an alternative
to traditional coronary angiescopy because
it does not provide arty information about the
color of the lnmen or its contents, such as
plague and thrombus. Coronary artery fly-
through is an alternative way to evaluate non-
invasive coronary angiography, and it has
several advantages. (1) It provides a delin-
cationt of the "true" 3 dimensions of the ves-
sel lumen, unlike diagnostic angiography
(lumenography), which is limited by fore-
shortening and overlapping structures. (2)
Fly-throughs may eliminate the time-con-
suming segmentation of overlapping, obscur-
ing anatomical structures (left atrium, coro-
nary sinus) that is needed to visualize the
coronary arteries from the outside. (3) Fly-
throughs may provide a more comprehensive
delineation of bifurcation lesions or anasto-
moses of grafts on native vessels, which are
sometimes difficult to asses, even with rou-
tinc diagnostic angiography. Finally, fly-
throughs may be helpful in assessing the
remaining coronary lumen of a heavily cal-
cified coronary plaque or stented segment,
which may be invisible with traditional EBT-
derived 3D rendering techniques.

CONCLUSIONS

A fly-through of coronary arteries and
venous bypass grafts is feasible in clinical
practice and may represent a future diag-
nostic technique that will allow compre-
hensive 3D delineation of the vessel lumen.

Footnotes

Movies | through I can be found at
http:/icire.ahajournals.org/cgi/content/full/10
2/1/DC1
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ABSTRACT

Objectives:

To compare the diagnostic value of magnetic resonance imaging (MR1) and Electron beam
computed tomography (EBT) using conventional coronary angiography as the "gold stan-
dard."

Background:

MR and EBT have recently emerged as two modalities for non-invasive detection of coro-
nary artery stenoses. A direct comparison between the both techniques has not been per-
formed yet.

Methods:

Twenty-seven patients underwent coronary imaging with a contrast-enhanced ECG trig-
gered breath-hold EBT protocol and a retrospective respiratory gated MRI protocol. Three-
dimensional reconstructions of the 216 available proximal and middle parts of the coro-
nary arteries were compared with the conventional angiograms.

Results:

EBT more frequently visualized the segments successfully compared to MRI (77% ver-
sus 69%, p < 0.05) which was mainly due to improved visualization of the LAD and LCX.
Overall sensitivity and specificity for EBT to detect a 50% diameter stenosis were 70%
and 95% respectively, while sensitivity and specificity for MRI were 46% and 90% respec-
tively.

Conclusions:

Non-invasive coronary artery angiography with MRI and EBT are evolving techniques.
At present EBT is slightly better than MRT to adequately visualize and detect a stenosis in
the proximal and mid coronary artery segments, but the distal segments cannot be visual-
tzed by either technique.
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INTRODUCTION

Recently two new non-invasive techniques
for the detection of coronary artery diseasc
have been introduced: Magnetic Resonance
Imaging (MRI) and Electron Beam
Tomography (EBT). MRI of the coronary
arteries (MRCA) was first performed in 1993
with a single slice breathhold technigue.'
Non-invasive coronary imaging using EBT
with intravenous administration of contrast
apent was demonstrated by Moshage ct al **
Both techniques have inherent problems to
reliably visualize the coronary arteries due
to the complex course and the small size of
the coronaries, which is further complicat-
ed by the motion artifacts of cardiac con-
traction and respiration.

In this study we compared the current state
of art technigues of MRI and EBT for the
visualization and detection of stenoses in the
proximal and mid segments of the coronary
arteries.

METHODS

Patients

The study population consisted of 27 patients
(11 women and 16 men ranging in age from
38 to 76 years) who were referred for elec-
tive coronary angiography. The patients were
recruited from among those scheduled for
oulpatient coronary angiography. Exclusion
criteria werc previous coronary bypass
operation, intracoronary stent implantation,
artificial pacemaker, intracranial clips, claus-
trophobia, non-sinus rhythm, renal failure,
allergy for contrast medium, unstable clini-
cal condition and severe lung disease restrict-
ing breathholding capabilities to less than 30
seconds. Protocol approval was provided by
the Hospital Committee on Clinical
Investigation and informent consent was
obtained from all patients.

MRI

Subjects were studied in a supine position,

with a 4-channel quadrature body phased
array coil placed over the thorax, in a 1.5T
whole body MR imaging system (Vision;
Siemens, Erlangen, Germany). Coronary
artery imaging was performed using a stan-
dard Siemens 3D gradient echo sequence
with retrospective respiratory gated tech-
nigque described by Li etal.” A chemical shift
fat suppression pulse was used to suppress
the signal from the epicardial fat surround-
ing the coronary arferies. In our sctup we
used three sfabs of 32 mm thickness with a
25% overlap and slice thickness was 2 mm,
The matrix size was 128 x 256 with a
Rectangular Field of View of 240 x 320 mum,
resulting in an inplane resolution of 1.9 X
1.25 mm. The TR was 8 ms, the TE was 3
ms and the flip angle varied from 20° to 90°.
The acquisition window (128 ms) was set
from mid untill late diastole. Each slab was
acquired in 8-12 minutes depending on the
heart rated.

Retrospective respiratory gating was per-
formed by a navigator echo created with two
excitation bands placed to intersect at the
dome of the right hemidiaphiagm. Together,
these two bands measure the diaphragmat-
i¢ position before data acquisition. The most
common position of the diaphragm is cho-
sen as the gating center, commonly this is
end-cxpiration. Each line of data was
acquired five times to ensure end-expiration
data collection, Data within a range of & 1
mm from the gating center were used for
image reconstruciion. If none of the acqui-
sitions of a certain data-lines were within the
acceptance range, the acquisition oblained at
diaphragm dispiacements closest to the gat-
ing center were used at image reconstruction,
The total examination time for MR imaging
of cach subject including positioning of the
patient, scout imaging, and setting up the
navigator, was approximately 1 hour.

EBT
For non-invasive coronary angiography the
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EBT scanner was operated in a 'high-reso-
lution mode', which acquires a cross-section
images in 100 ms with the acquisition win-
dow at end-diastole (80% of the RR inter-
val). The matrix size was 512 x 512. Data
were reconstructed using a 22-cm field of
view (pixel size 0.43 % 0.43 mm), In-plane
resolution was approximately seven line
pairs per cm.

For the determination of contrast transit time
10cc's of isoosmolaar nonionic conirast
{iopromide 350 mg/ml) was administered at
arate of 4 ce/sec through an antecubital vein.
The passage of the contrast bolus through the
ascending aorta was visunalized by position-
ing the tomographic plane of the EBT scan-
ner over this region. Contrast density with-
in the ascending aorta in Hounsfield units
was measured at several time intervals after
contrast injection. The time from contrast
bolus injection to peak intensity was assumed
to be the contrast fransit time.

For the acquisition of the non-invasive coro-
nary angiogram 150 ce's of isoosmolar non-
ionic contrast medium was administered at
a rate of 4 cc/second through an antecubital
vein catheter. Forty to sixty transaxial tomo-
grams starting just cranial of the left main
coronary artery of f.5mm thickness with
1.5mm table shift between each slice werc
acquired during a single breathhold. ECG
triggering was performed at 80% of the RR
interval. After mild hyperventilation the actu-
al acquisition started at the determined con-
trast transit time with breathholding at
inspiration.

Conventional Coronary angiography
All subjects underwent standard selective
coronary artery angiography within 1 month
of the MR and EBT examinations.
Angiography was performed using the tech-
nique of Judkins.* The selective angiograms
were jointly interpretated by two experienced
cardiologists not familiar with the non-inva-
sive results. The coronary tree was divided

into proximal, mid and distal segments
according to AHA guidelines.” These seg-
menis were graded as having either no sig-
nificant disease (<X 50% diameter stenosis)
or signiticant disease (>50% diameter steno-
sis). In case of disagreement a final decision
was made by a third cardiologist.

interpretation of Non-invasive coro-
nary angiograms

Both the EBT and MR datasets were trans-
ferred to a stand alone workstation (Indigo2,
Silicon Graphics) and loaded into a post-
processing program {VoxelView, Vital
Images, Inc) for 3D evaluation with a vol-
ume rendering technique."' Within this pro-
gram unwanted structures such as the tho-
rax wali and lung vessels and overlapping
structures as the left and right auricle were
excluded from the datatsets. These prepared
datasets could be rotated in every direction
for optimal visualization of the major coro-
nary artery branches. The 3D reconstructions
together with the original axial slices were
reviewed independentiy by a radiologist and
a cardiologist. The left main, proximal and
mid left anterior descending (LAD), proxi-
mal and mid left circumflex (LCX) and the
proximal, mid and distal segments of the
right coronary artery (RCA) were graded as
assessable, non-assessable or outside the
acquired volume. The assessable segments
were graded as having either no significant
or significant diseasc. In case of disagree-
ment a third investigator made a final deci-
sion,

Statistics

The selective coronary angiogram served as
the golden standard for determination of the
diagnostic value of the non-invasive coro-
nary angiogranl. Piagnostic value of EBT
and MR coronary angiography was
expressed as sensitivily, specificity and
accuracy. The McNemar test was used to
compare differences between proportions.
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A p-value of < 0.05 was considered statically
significant.

RESULTS
In 25 patients the MRI and EBT examina-
tions were performed on the same day, in the

Table 1. Assessability of different coronary
artery segments by EBT and MRL

Segment  CAGEBT MRI

RCA T4 41 (55.4%) 46 (62.2%)
1 27 24 (88.9%) 24 (88.9%)
2 24 13(542%) 16 {66.7%)
3 23 4(17.4%) 6 (26.1%)
LM+ 1LAD 81 80 (98.8%)r 7 (87.7%)

5 27 27 (100.0%) 25(92.6%)
6 27 26(96.3%) 25 (92.6%)
7 27 27 (100.0%)* 21 (77.8%})
LCX 46 33 (71.7%)* 22 (47.8%)
1 21 17 (81.0%) 10 (47.6%)
13 25 16 (64.0%) 12 (48.0%)
Total 201 154(76.6%) 139 {69.2%)
#p < 0.05 compared to MRI

RCA = right coronary artery, LM = lefi main
artery, LAD = [eft anterior descending artery,
LCX = left circumflex artery.

e Figure 1. Example of high
quality  MRI sindy.  (A)
Individual slices at different
y evels showing the left main
| coronary artery (LM), lefi
§ anferior desceading (LAD),
proximal right coronary artery
i (RCAp), and distal right coro-
¥ nary artery (RCAd). (B) Three-
dimensional interpretation of
the whale volume using volume
endering software, Ao =

Aorta, PA = pulinonary artery.

E Figure 2. Example of a high
E guality EBT  study. (A)
t Individual slices at different
b levels showing the left main
coronary artery (LM), left ante-
rior descending (LAD), proxi-
mal right coronary artery
(RCAp), and distal right coro-
nary artery (RCAd). (B) Three-
dimensional interpretation of
the whole volume using volime

rendering software. Ao =
Avrta, PA = pulmonary artery.

other two patients the interval time was 7
days. The mean time interval between both
cxaminations and conventional coronary
angiography was 15 + 7 days. Eight patients
had no significant coronary stenosis in the
major coronary arteries at selective angiog-
raphy, 10 had |-vessel disease, 6 had 2-ves-
sel disease and 3 patients had 3-vessel dis-
ease. Overall 34 significant coronary artery
stenoses were present in these patients
(RCA: 16; LAD: 14; LCX: 4). Both tech-
niques were able to obtain nearly motion free
images (figure 1 and 2). Non-invasive visu-
alization of the coronary artery was more
frequently successful with EBT compared to
MRI {77% versus 69%, p < 0.05) which was
mainly due to improved visualization of the
LAD and LCX (table 1). The RCA was more
successtul visualized with MRI, although
this difference was not significant.

EBT showed a moderate sensitivity (70%)
with a high specificity and accuracy {95%
and 91% respectively), for the detection of
significant coronary artery stenosis in assess-
able segments (figure 3). MRI showed a
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Figure 3. Paiient with a left anterior descending coronary artery LAD stenosis (arrow head) defect-
ed by conventional selective coronary angiography (niddle image). Both EBT (left image) and MRI
{(right inage) were able fo detect this steriosis non-invasively. Ao = Aorta, PA = Pultionary artery.

Table 2. Diagnostic accuracy for the detec-
tion of a >50% diameter stenosis by non-
invasive coronary angiography.

EBT MRI
All segments
Sensitivity 69.9% {16/23)  46.2% (12726)
Specificity  94.7% (124/131) 90.3% (102/113)
Accuracy  90.9% (140/154) 82.0% (114/139)
LAD/LM
Sensitivity  57.1% (8/14)  75.0% (9/12)
Specificity  93.9% (62/66)  91.5% (54/59)
Accuracy  87.5% (70/80)  99.7% (63/71)
LCX
Sensitivity  100% (3/3) 33.3% (1/3)
Specificity  93.3% (28/30)  94.7% (18/19)
Accuracy  93.9% (31/33)  86.4% (19/22)
RCA
Sensttivity  83.3% (5/6) 18.2% (2/11)
Specificity  97.1% (34/35)  85.7% (30/35)
Accuracy  95.1% (39/41)  69.6% (32/46)

LAD = leff anterior descending arfery, LCX = Iefi cir-
cumflex artery, LM = left main artery, RCA = right

CoroRay arfery.

lower sensitivity (46%) with a comparable
specificity and accuracy (90% and 82%
respectively) but these differences were not
significant (table 2). Overall there was a
moderate (93/122=76%) agreement between
both methods in the interpretation of a par-
ticular segment. Figures 4 and 5 illustrate the
different artifacts present in both tech-
niques which limit the assessability of a seg-
ment or introduce false-negative and false-
positive interpretations.

DISCUSSION

Although EBT and MR are both non-inva-
sive imaging technique there are major dif-
ferences in acquisition strategies as breath-
hold versus respiratory gated technique,
slices acquisition versus truc volume imag-
ing, and contrast bolus versus non-contrast
agent imaging (Table 3). These differences
in acquisition strategy explain most of the
artifacts present in each technique (Table 4).
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Table 3. Acquisition characteristics

EBT MRI

Breath-hold Respiratory gating
Stack of muitiple 3D (volume)

2D slice acquisition
Contrast bolus No contrast agent

EBT

Our results with EBT confirm earlier results
from different groups for the possibility of
EBT to detect significant stencses in the
proximal coronary arteries. ™'

Barlier we reported that artifacts in EBT
which arise from involuntary patient motion
and arrhythmias are the most frequent rea-
sons for non-assessability of a particular
coronary segment.” Arrhythmias will cause
clear artifacts with odd correspondence
between the individual slices of the dataset
(figure 4A). Image quality in EBT can also
be hampered by incorrect timing of the con-
trast agent belus or low contrast enhanced
at the last slices of the data set. Severe {cir-
cular) coronary artery calcification can
obstruct the view on the vessel lumen intro-
ducing false negative results (Figure 4B).
The contrast between the coronary vessel
lumen and surrounding tissues can be
improved by using a larger dose of contrast
agent, or a more iodine containing contrast
agent. To visualize the distal RCA a second
breathhold with a new contrast bolus is nec-
essary, which may be warranted with pres-
ent safe contrast agents. Improvements in
scanner design as higher inplane and/or z-
axis resolution will improve image quality.

Figure 4. (A) Example demonsirating the effects
of arrhytmias on the corrvelation between indi-
vidual slices in a EBT study. At the level of the
pilmonary artery root (PA) three premature heart
beats result in slice malpositioning (arrow
heads). Ao = Aorta, RV = Right ventricle. (B)
Patient with severe calcifications (arrow heads)
in the right coronary artery (RCA) leading to
severe artifacts in EBT. Ao = Aorta, PA =
Pulmonary artery.

A major improvement is the multislice com-
puted tomography that acquires more slices
(up to 4) per rotation, by which a complete
volume can be scanned in a fraction of the
scan time. This results also in a major
improvement in terms of interskice correla-
tion.

MRI

In this study we used a standard MR tech-
nique which is available on a moderm MR
scanner. The use of a single navigator sig-
nal from the diaphragm increases image
quality of MRCA."® The value of this tech-
nique in the detection of coronary artery
stenosis is still unsettied.”™* In this study the
possibilities of this technique to detect sig-
nificant coronary artery stenosis has been
confirmed. Major reasons for msufficient
image quality are residual respiratory blur
depending on the gating window and respi-

Table 4, Artifacts in MRI and EBT

EBT

MRI

Arrhytmias Single slice artifact
Respiration Incorrect breathhold artifact
Contrast Incorrect timing of contrast agent

Vessel movement ot
Calcification ++

General blur

Residual respiratory blur
General lower contrast
++

n.a.
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Figure 5, (A) Patient with severe imeage blur in MRI due an irregular respivation patiern. The left
anteriar descending coronary artery (LAD) can hardly be differentiated from its surroundings. Ao
= Aorta, PA = Pilmoneary artery, (B) Example of fulse-negative interpretation of a diseused mid vight
coronary arfery (RCA) segment. In the MRI image (lefl image) there Is insufficient sharpness to detect
the sienoses (wrrow heads) visible in the conventional coronary angiogram (Right sided image)

ration pattern (Figure 5A). False negative
interpretations in respiratory MRCA are due
to retrograde flow distal to complete occlu-
sions, and volume averaging of vessels with
adjacent structures (Figure 5B).” False pos-
itive interpretations arise from the low con-
trast between the coronary arterics and their
surrounding tissue.

Respiratory gated MRCA may improve
using prospective respiratory gating™* where
no data are acquired outside the pating win-
dow. This may include correction of image
position with respiratory motion, where the
imaging volume shift upwards during expi-
ration and downwards during inspiration to
improve scan efficiency.™ Alternative MRI
sequences acquire the central portion of k-
space, which deiermines boundary sharp-
ness, with a small respiratory gating window
{e.g. | mm} while the data for the ouler por-

tions of k-space, determining image contrast,
are scanned with imcreasingly coarser gating
windows {e.g. 3 to 7 mm).”

Other possibilities in MRCA included new
breathhold techiniques with targeted volumes
along the coronary arterics,” the use of
intravascular MR contrast agents™* or high
field (3T) MR systerns.

EBT versus MRI

Each technique has il advantages and dis-
advantages (Table 5). The higher resolution
and faster acquisition of EBT compared (o
the sclected MRI protocol will explain
most of the differences found in this study.
Both technigues have enough possibilities for
improvement in the near future {table 6). The
development in MRI will soon lead to the
use of protocols with nearly the same reso-
lution in considerably shorter imaging time,

Table 5. Advantages and disadvantages of EBT and MRI

EBT MRI

Advantages Disadvantages Advantages Disadvaniages

Fast Sensitivity to arrhythmia Repeatable Low contrast

High in-plane  Sensilivity to contrast Covers whole volume  Interference on

resolution timing of the heart ECG
Calcification artifacts Claustrophaobia

Use of X-rays

Usce of nefrotoxic conirast agents
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Table 6. Future improvements in MRI and EBT

EBT

MRI

Increased contrast dose
Multi slice acquisition
Higher in-plane resolution

Prospective respiratory gating
Intravascular contrast agents
High field systems (3T)

which will warranl new comparisons
between both techniques.

CONCLUSION

Non-invasive coronary artery angiography
with MR1 and EBT are viable techniques. At
the present state EBT is slightly better than
MRI to adequalcly visualize proximal and
mid coronary artery segments and to detect
a stenosis in these segments, MRI has the
advantages of a large coverage and the
repeatability without hazards to the palient.
Due to the limited acquisition speed both
techniques are not yet an alternative fo con-
ventional coronary angiography.
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ABSTRACT

Magnetic Resonance (MR) imaging is well suited for evaluation of the thoracic aorta,
Although the initial techniques, spin-echo and gradient-echo imaging, produced relative-
ly reliable images, second gencration special MR angiography techniques, as time-of-flight
and phase-contrast angiography, were developed but did not dramatically improve imag-
ing of the thoracic aorta. Recently a new MR angiography technique, with intravenous injec-
tion of a MR contrast agent, has been introduced. This technique aliows the acquisition of
large, high resolutjon, three-dimensional (3D) volumes within 20-30 seconds duting breath-
holding. The 3D datasets acquired can be evalvated with different post processing tech-
niques, as multiplanar reformatting {MPR), maximum intensity projection (MIP) and vol-
ume rendering (VR) techniques. The last two produce a 3D impression on 2D-surfaces. In
this article we will review these techniques and their clinical applications on MR of the
thoracic aorta,
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INTRODUCTION

Magnetic Resonance (MR) imaging is well
suited for the evaluation of the thoracic aorta,
Aside from being noninvasive, MR imaging
can provide large-field-of-view images in
any number of planes for optimal evaluation
of important anatomic relationships. Spin-
echo and gradient-echo (cine) imaging are
frequently used in the clinical setting. In gen-
eral these are 2D techniques without back-
ground suppression and therefore not suit-
ed for evaluation with 3D post processing
technigues. Special MR angiography tech-
niques, as time-of-flight and phase-contrast
angiography, have been developed but are
not optimal for angiography of the thoracic
aorta, due to long acquisition time and pos-
sible artifacts, Contrast-enhanced three-
dimensional (3D) MR-angiography has been
introduced recently for faster and less arti-
facted MR angiography. This technique is
very well suited for postprocessing tech-
niques inchuding multiplanar reformatting
(MPR}, maximum intensity projection (MIP)
and volume rendering (VR) for preparing 3D
representations on a two-dimensional view-
ing surface. The combination of this new
acquisition technique and special postpro-
cessing techniques has shown to be able to
diagnose aortic coarctation, aortic aneurysm
and dissection.'? In this article we will sum-
marize present MR acquisition techniques

I

and give an introduction to subsequent dif-
ferent postprocessing tools.

IMAGE ACGQUISITION

T1- weighted spin-echo imaging or
“Black blood imaging™

Spin-echo (SE) imaging was the {irst clini-
cally used MR technique. After excitation by
a 90° radiofrequency-pulse (RF-puise) a
180° RF-pulse is applied to rephase the spin-
ning atoms which will form the echo signal
after a comparably long time (= echotime =
TE) (figure 1). Because there is a certain time
between the two RF-pulses, there will be a
washout of flowing blood from the imaging
plane and hence blood will appear black in
the images. Slowly moving blood can be
excited by both RF-pulses, thus producing
an echo-signal, and hence be gray or white
in the image (figure 2). The next signal can
only be acquired after the atoms are realigned
in their original position, depcnding on tis-
sue characteristics, in cardiac imaging usu-
ally on the next RR interval (time of repe-
tition (TR) = [000 ms). For an image with
256 x 256 pixels, 256 heartbeats, approxi-
mately 3 minutes, are necessary. This
sequence is still one of the most frequently
used techniques because it provides excel-
fent structural detail of the hemrt with high
contrast between blood and surrounding tis-

Figure 1. In spin-echo
imaging an echo signal is
produced o shorl time
(echotime (TE}} after the
application of o 90° RF-
putlse excitation by a 180°
rephasing RF pulse. For
cardicc spin-echo imaging
every RR interval one echo
is produced, an image swith
256 lines will be collected in

ECG
s0¢ 130"
RF-pulse AA!W\[\W
Echo “‘A"'
Greay S
B
TE
TR

256 heartheats (3 minutes).
TE = Echo Time, TR =
Repetition Time. Gread =
Gradients applied during
aequisition of the echo sig-
nal for spatial encoding.
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Figare 2. Example of spin-echo MRI in patient
with an aneyrysm of the descending dorta (DAo).
The normal flowing biood in the ascending aorta
{AAo) and pulmonaiy arviery (PA) is black, while
the mural thrembus and siow flowing blood in the
descending aorta produce some signal and there-
Jore is gray in the image farrow heads).

sue as vascular wall and endocardial surface.
It has a high sensitivity and specificity for
the detection of aortic dissection.?

Cine MR techniques or Gradient echo
sequences: "Bright blood imaging"”

In gradient echo (GE) imaging the rephas-
ing of the atoms is accomplished with a 180°
switch of the magnetic gradients instead of

Figure 4. Example of gradient echo MR imaging in
patient with an anewrvsm of the descending aorta
(DAo). With this technigue blood will appear bright
in the images, although stow flowing bload may be
saturated and have the same intensiiy as thrombus
{arrowheuds). Reviewing the images from different
phases of the cardiae cycle allows differentiation of
stew flowing blood from mural thrombus. Same
patients as in figure 2, using o slightly different slice
possition.

a second RF-pulse {of 1807). In this tech-
nique the first RF-pulse is not necessarily a
90° pulse, but can be less, for example a flip
angle of 15°. The atoms will then be
realigned in their original position sooner,
allowing faster repetition of the RF pulses.
Frahm et al.** were able to collect an image

Figure 3. In gradient echo MR
imaging the echo is formed with
the combination of a small (13°)
flip angle excitation RIF-puise
and a 180° switch of the magnetic
gradient sysiem (Greaq). For the
purpose of iflustration only 4 dif-
Jferent phases are acquired in the
RR-interval in this example.
Duiring each phase 8 echo's are
acquired in 80 ms by switching
the gradient system shortly affer

Soede g by g dydy by by by
¥, T 1§ ¥4 w 5] & &
T

a RF pulse. A maxivum of 12
phases during one RR-interval
can be acquired so that a corn-
plete dynamic image can be
acquired within 16 heartbeats
obtained during one breath-hold.



TECHNICAL ASPECTS OF MRA

235

Figure 5. (4) Time-of-Flight MR-angiography. The
signal of blood will be bright as in anv gradient echo
sequence. With the use of short repetition and large
Fip angle signal from stationary tissue is suppressed
while the signal from blood can be maintained by
the inflowe of unsaturated blood. The use of a satu-
ration volumte at the venous inflow sire of the can
be used fo suppress venous signal. (B) ToF MR-
angiography with inplane course of the vessel. Due
fo saturation now occurring the signal from Bood
loses its brightness.

of 64 lincs in 1.3s using a flip angle of 15°
and a TR of 20 ms. They called this
sequence: FLASH (Fast Low Angle Shot).
The gradient switch will rephase all the
atoms that have been excited by the RF-
pulse, even moving blood, showing the ves-
sels bright in distinetion to SE-imaging. With
the use of an even shorter TR of 10 ms 8
image lines can be acquired in 80 ms, so the
RR interval, at heart rate of 60 bpm (RR
inferval = 1000 ms), can be divided in 12 dif-
ferent phases. The complete images (matrix
128 x 256) of these 12 phases can be
acquired in 16 heartbeats (figure 3). Thus res-
piratory artifacts or degradation of image
quality can be eliminated with this technique
by breathholding. This technique is fre-
quently applied for assessment of LV-func-
tion and the detection of valvular disease. In
MR of the thoracic aorta cine MR imaging
can demonstrate intravascular defects as
thrombus (figure 4) and intimal tears more
reliable than SE imaging®’

Time of flight angiography

The basic idea of time-of-flight (ToF) MR-
angiography depends on the inflow of blood
into the image volume. Blood will be bright
as in any gradient echo technique, but sur-
rounding tissue can be suppressed (saturat-
ed) by a very rapid repetition of the RF-puls-
es, while the signal of blood will constantly
be maintained by the inflow of new (unsat-
urated) blood (figure 5A), The flow signal
from the veins can be sufficiently removed
by the application of additional saturation
pulses which are applied at the venous inflow

Imaging  Saturation
volume volume

ik

site of the volume. The volume which can
be visualized in one scan depends on sev-
eral factors in which blood flow velocity is
very important.

Artifacts may arise from slowly moving
blood or an inplane course of the vessel (fig-
ure 5B). Acquisition time for a velume with
ToF-angiography is dependent on many fac-
tors including TR. Tn ToF-angiography
shortness of TR is limited because it leads
to saturation of blood and thus rather fong
acquisition times are necessary, With long
acguisition time this technique was mainly
used in peripheral vascular disease.™

Phase contrast MR angiography

A different class of MR angiography tech-
niques is based on the change in the phase
of the rotation of the atoms around their axis,
A phase shift occurs when the spinning
atoms move along the magnctic ficld gradi-
ents (figure 6). These atoms can be differ-
entiated from stationary tissue without a
phase shift. The flow induced phase shift can
be used for imaging and flow quantification
techniques. To determine flow in all direc-
tions the sequence has lo be repeated with
gradients along the X-, Y- and Z-axis. This
triples the acquisitions time, decreasing its
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COrientalion

Phase

Figure 6. Phase contrast
angiography. A phase shifi
wccurs when spinning atoms
move along the magnetic field
gradients. An image can be
reconstructed in which the
moving atoms are differenti-
ated from stationary fissue
withou! a phase-shifl.

G0

Grens M

use in clinical practice. This technique is
insensitive to artifacts from inplane or slow-
ly flowing blood such as known in ToF-
angiography.”

Three-dimensional gadolinium
enhanced MR-angiography (Contrast
enhanced ToF-angiography)

With the use of a Tl shortening contrast
agent (such as Gadolinium-DTPA) the rate
of repetition of the RF pulses can be further
increased without saturation of the blood.
This also induces more saturation of the
background signal, and thus the contrast-to-
rnoise ratio is increased. With proper selec-
tion of the acquisition window the signal
from the arterial phase can be selectively
enhanced. The arterial phase is determined
from the circulation time which is measured
with a test injection of contrast agent. With
the present MR hardware a volume of 40 x
45 x 15 cm, with a resolution 2.7 x 1.3 x
[.2mm can be acquired in 20 to 30 sce-
onds."" This seems an ideal technique to
cover the thoracic aorta over its full length
int a single breathhold. This 3D dataset can

Figure 7. Multi planar reconstiuction (MPR)

through the aortic arch from a dataset of 100 coro
nal slices. In ithis particula, thick slab, reconstruc
tion the right brachiocephalic (RB), the lefi com
mon carotid (LC) and the lefl sibclavian (LS) arter)

can be displayed in a single image, However these |

vessels run out of the imaging plane afier 3 cm o
their arigin and additional reconsiructions are nec
essary lo linage these vessels in thelr distal course

be cvaluated with different postprocesing
techniques, including 3D reviewing tech-
niques.

IMAGE EVALUATION

One of the main problems after acquisition
of a 3D-data set is the presentation of the 3D
content onto 21D display, without losing its
3D appearance. Several postprocessing tech-
nigues {rendering techniques) are available
to evaluate 3D datasets on a viewing surface.

Multi Planar Reformatting (MPR)

The clinical technique most used is multi-
planar reformatting (MPR) which resamples
the volume data (usually along a plane} and
displays the result in a separate image. In its
simplest form, a single orthogonal section
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through the velume is displayed. More
advanced implementations which simulta-
neously show multiple orthogonal sections
{coronal, sagittal, transversal}, are able to dis-
play grey values along planes of arbitrary
direction (oblique sectioning){figure 7), or
even along curved lines that can be interac-
tively drawn. Due to the simplicity of these
techniques, current workstation technology
facilitates real-time display and manipulation
of cut planes in volume data. MPR has
proven to be usefui in the detection of coarc-
tation of the aorta with CT" and MR-tech-
niques.' Althcugh MPR will increase the
anatomic information of the clinician the full
possibilities of 3D datasets are not used. The
major drawback of MPR is that only one ves-
scl can be visualized in one image at 4 time
and that tortuous and branching vessels are
not depicted over their full length unless sep-
arate reconstructions are made for every
branch. Some user interaction and care is
necessary in the rcconstruction process to
avoid creating false-positive interpretation of
the images.

Maximum Intensity Projection

In Maximum Intensity Projection {MIP}a 3D
dataset is transformed to a shaded 2 dimen-
sional projection on a viewing surface. This
creates the itflusion of "seeing" a 3D object.
MIP is a technique which is widely used in
both CT and MR angiography. In order to
consiruct a MIP image, the volume element
with the highest density value along a line
extended from the viewpoint through the vol-
ume is selected to "construct" an image {fig-
ure 8). This assumes that the objects of inter-
est have high intensities, which is not
always the case. Advantages of MIP images
for vascular imaging are that, in general, MIP
images provide an excellent differentiation
between vascular and non-vascuiar structures
and the technique is fast compared to vol-
urne rendering (see later).

When MIP is used for vascular imaging sev-

Fignre 8. Maximum iniensit: projection (MIP)
algorithm. The brightest voxel encountered along
a {ine from the viewer through the vbject is cho-
sen as the displayed pixel value. Vessels on the
same line with a lower intensity are "overruled”
and thus are not imaged.

eral artifacts may be introduced. First is the
apparent rcduction of vessel diameter.
Because the flow of the blood is slower at
the edges, the signal intensity will be
decreased with flow dependent scanning
techniques. Also partial volume effect at the
edges of the vessels will decrease the inten-
sity. In MIP images this may lead to the dis-
appearing of the edge voxels due to back-
ground fluctuations. Overestimation of a
stenosis can appear partly due to of local tur-
bulence which is typical for a vascular steno-
sis. Small vessels may disappear complete-
ly or appear as a string of beads.

Second, the projectional nature of the MIP
algorithm causes the resulting image to be
three-dimensionally ambiguous, which
means for instance that projections from
anterior or posterior of a given volume will
result in the same image. This causes loos-
ing the sense of "depth” so that in crossing
vessels no differentiation between crossing
anterior or posterior can be made (figure 9).
This lack of "depth" information can par-
tially be compensated by volume rotation.
The imaging object should be evaluated
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Figure 9. dnterior view with muximum infensi-
ty projection (MIP) fiom the same dataset as in
figure 7. The aortic arch branch vessels are now
visualized over their fill length within the imag-
ing volume. In MIP no information on anterior
and posterior is available. Ado = Ascending
aorta, Ddo = descending aoria, PA = pulmoncary
artery, RE = right brachiocephalic artery, RC
right common cartid artery, RS = righi subcla-
vien artery, LC= leff common carolid artery, LS
= lefi subclavian ariery.

from different angles, like conventional
angiography, which can casily be per-
formed by putting together images from dif-
ferent orientations to create a rotating MIP
movic {cine-loop).

If a higher intensity structure, for example
the left ventricle, lies along the line of analy-
sis, the resulting maximum-intensity pixel
will contain no information from the con-
trast-enhanced vessel. These structures

A B

often need to be cdited out by means of
manual or automated methods.

Surface Rendering

Surface Rendering (SR) is capable of dis-
playing three-dimensional reconstructions
which can be computed on moderate com-
puter systems (no special purpose hardware
is required), Just like MIP, SR only uses
about 10% of the image data to perform a
3D reconstruction. SR will, in contrary to
MIP, display three-dimensional images with
reasonable "depth" information, for instance
clearly showing which vessel is in front and
which is in the back.

With SR several preprocessing steps have to
be taken to make the data ready for render-
ing. First, each voxel is classified as cither
belonging or not belonging to the object of
interest. Using a threshold value all voxels
below the threshold arc discarded while only
the voxels above are selected [or the objeet
(figure 10). This gives us an adequate
description of the surfiace of the object of
interest which is then modeled by the com-
puter as a collection of geometric primitives
{two-dimensional polygons, for example tri-
angles or squares, used to approximale a
three-dimensional surface). Oaly this col-
lection of primitives is used for rendering,
the rest of the data is discarded. Rendering
the result can take a lot of processing time
(in the order of minutes). However, after the
rendering, interaclive manipulation (rotation,

C

Figure 10, Surfuce rendering algorithm. From the original dataset (A) the data desired are select-
ed by thresholding (B). Using geometric primitives a simple model is created which can be

visualized from different orientations
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translation, magnification) of the volume is
possible. Often, a simulated tght source is
used to get some shading effect of the vol-
ume for a betier 3D impression of the result-
ing image.

The downside of this method is that when
the surface selection is changed, the time
consuming preprocessing has to be repeat-
ed. Other limitations of surface rendering are
the possible existence of false positive
and/or false negative surface pieces, and the
loss of minor detaif due to the subdivision
into surface primitives (voxcls are assumed
to contain onfy one tissue type and either
belong to the obiect of interest or not), inter-
nal structures (like a thrombus within a ves-
sel) cannot be displayed, and the determi-
nation of the optimal threshold is rather
difficult and time-consuming. Incorrect set-
ting of the threshold can fead to disconnected
and floating vessels,

SR was the first three-dimensional render-
ing technigue that was applied to medical
images, Tt has {requently been used for CT-
angiography.' In MR-angiography SR has
been performed for the abdominal aorta and
renal arteries. ™" Since the general use of sur-
face coils, SR of MR-angiography s ham-
pered by the difference of signal relating to
the distance between the vessel and the sur-
face coil. Due to this effect, the ideal thresh-
old level is not uniform over the image.

Volume rendering

Volume rendering is a technique that retains
all the voxels from the originai 3D dataset
during each rendering. Volume rendering
algorithms sum the contributions of all vox-
els along a linc that extends from the view-
er's eye through the data volume {figure 11).
This process is computationally intensive but
has the advantage that no information gets
[ost during the process and that several addi-
tional image-processing techniques are still
possible, without (unfike in SR) having to
perform time consuming pre-processing

Figure 11. Volume rendering algovithm. The val-
wes of afl the voxels along o fine that extends form
the observer through the object of interest con-
tribute fo the resulting piciyre, Each tissue cast
he assigned a certain opacity, contributing (o the
tolul for the fine.

again, For instance each voxel can be
assigned an opacity and color value. Based
on these values, the intensity of each voxel
is calculated and used for the display of the
voxel. Volume rendering allows certain
parts of the 31 object to be transparent 5o
that structures behind it are still visible.

Volume rendering has a number of advan-
tages over surface rendering and MIP.
Because no distinet surfaces need be defined,
this method is well suited for the demon-
stration of the ambiguous, volume-averaged
edges that often appear in medical images.
Because ali of the data arc used in the algo-
rithm, the resulting images potentially con-
tain more information than those created with
surface rendering or MIP techniques. The
ability to simultancousty display both super-
ficial and deep structures in an image can be
important in many applications. Volume ren-
dering is often combined with depth and sur-
face shading to give the image a very real-
istic sense of three-dimensionality. Volume
rendered angiograms look much alike the
images created with conventional catheter
angiography, and may show vessel thickness,
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Figure 12. Volume rendering of confrast enhanced
MR-angiogyaphy from the same dataset as in fig-
wre 9. The volume rendering algorithm increas-
es the "depth" information visible in the image.
Aao = Ascending aorta, PA = pulmonary artery,
RB = right brachiocephalic artery, RC right com-
mon carfid arlery, RS = right subclavian artery,
LC = lefi common carotic aitery, LS = left sub-
clavian artery,

intraluminal features, and overlapping vas-
culature (figure 12). Finaily, the volume-ren-
dering algorithm itself is associated with few
artifacts, although inaccurate classification
of tissues before volume rendering can cause
major artifacts.

Despite its numerous advantages, volume
rendering also has important [imitations. The
final tmage quality depends on the segmen-
tation of the data that are fed into the ren-
dering algorithm. Segmentation is the
process by which voxels are classified as
belonging to specific objects with distinct
features, such as individual ergans or tumor.
In volume rendering, both the segmentation
and the rendering steps typically take much
more computer power than either surface
rendering or MIP. Very transparent volume
renderings may not clearly depict distinet
edges and may hinder measurements or other
user interactivity such as surgical simulation
programs.

CONCLUSIONS

The thoracic aorta can be evaluated with dif-
ferent non-invasive MR imaging techniques.
Recent developments in MR technigue and
post-processing techniques have increased
the clinical use of MR in assessing the tho-
racic aorta. The combination of 3D contrast
enhanced MR-angiography with volume rcn-
dering as postprocessing technique gives
unique detailed information of complex 3D
structures such as aneurysms and dissections
of the thoracic aorta.
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ABSTRACT

Background:

Nowadays two-dimensional magnetic resonance imaging (2D-MRI) has become a wide-
ly accepted tool for imaging of the great thoracic vessels. Recently intravenously contrast
enhanced three-dimensional magnetic resonance angiography (3D-MRA) has been intro-
duced to acquire large, high resclution, volumes of the aorta within 20-30 seconds. The
objectives of this study were to determine both the diagnostic value of 3D-MRA and 3D
postprocessing with volume rendering for the evaluation of congenital and acquired dis-
ease of the great thoracic vessels,

Methods and Results:

Nineteen patients were studied with conventional MR imaging techniques and contrast
enhanced breath-hold 3D-MRA technigues using a three-dimensional turboFlash sequence
with a resolution of 1.1 x 1.2 X 1.3 mm. After manual segmentation the 3D-data sets of
interest were evaluated with a volume rendering technique.

The signal-to-noise ratio (SNR) in the target vessel was significant higher compared to the
gystemic veins (515.1 versus 248.6, p < 0.01). No difference in SNR between the pulmonary
arteries, pulmonary veins, and thoracic aorta was present. All the acquired and congenital
abnormalities of the thoracic aorta including the main branches and the pulmonary artery
and its branches were clearly visualized in the volume rendered images of the contrast
enhanced 3D-MRA data. Identification of these abnormalities was confirmed by conven-
tional imaging techniques or at surgery.

Cenclusions:

Contrast enhanced 3D-MRA allows visualization of the thoracic aorta and pulmonary arter-
ies. Bvaluation with three-dimensional post-processing by volume rendering provides a
unique three-dimensional insight into complex thoracic vascular structures.



MRA OF THE THORACIC ARTERIES

245

INTRODUCTION

Magnetic Resonance (MR) imaging is a ves-
satile technique characterized by its nen-
invasiveness, easily repeatability, large field
of view and any plane imaging.
Conventional two-dimensional (2D) MR
imaging with spin-echo and gradient-echo
techniques is a widely accepted accurate
technique to assess thoracic aorta abnor-
malities.” However 2D-images are some-
times difficult to interpret in particular
when the underlying vascular pathology is
complex. Recently, upgraded faster MR-sys-
tems have made it possible to perform
breath-hold three-dimensional magnetic res-
onance angiography (3D-MRA) without
loss of spatial resolution. The acquired 3D-
datasets are usually postprocessed with
mudtiplanar reformatting (MPR) or maxi-
mum intensity projection (MIP). These
techniques, although powertul, provide lim-
ited diagnostic information because they use
only a part of the available information in
the dataset and the 2D display of MIP and
MPR malkes the interpretation of complex
anatomy often difficult. The recent intro-
duction of volume rendering, a technique
which uses all the information available in
the 3D-dataset, allows a more comprchen-
sive interpretation of complex 3D anatomy.
The objectives of this study were to evalu-
ate the diagnostic reliability of breath-hold
contrast enhanced 3B3-MRA and volume ren-
dering for the assessment of congenital and
acquired disease of the great thoracic vessels.

MATERIALS AND METHODS

The study population consisted of nineteen
patients (8 males, 1[I females; mean 37.0
years of age, range 17 to 76 years, 71.2 kg)
who underwent evaluation of congenital or
acquired discase of the great vessels with MR
imaging. Eight patients were evaluated for
a congenital abnormality of the aorta, four
patients had prior surgery of the pulmonary
artery to correct complex congenital disease.

The remaining seven patients had acquired
disease of the aorta including four
aneurysms, one atherosclerotic stenosis,
one Marfan's discase, one Ehlers-Danlos dis-
ease,

Subjects were studicd in a supine position,
with a four channel quadrature body phased
array coil placed over the thorax, ina 1.5 T
whale body MR imaging system (Vision;
Siemens, BErlangen, Germany). Maximum
gradient strength was 25 mT/m with a rise
time of 300 ms.

Patients were not studied if they had an arti-
ficial pacemaker, intracranial clips or severe
claustrophobia. The protocol was approved
by our hospital committee of medical ethics
and clinical investigation and informed
consent was obtained before the examina-
tion.

Study protocol

After the patient was positioned with the aor-
tic root in the isocenter of the magnet, scout
views were obtained. Conventional 2D MR
imaging was performed with both spin-echo
techniques for black blood imaging and gra-
dient-echo techniques for bright blood imag-
ing prior to a contrast enhanced breath-hold
3D-MRA technique.

Bfack blood T1- weighted spin-echo
imaging

In all patients axial ECG-triggered TI-
weighted spin-echo MR images were
obtained. In patients with aortic disease
oblique fast spin-ccho images were also
acquired next. Typical imaging parameters
for the axial ECG-triggered spin-echo MR
imaging sequences were: TR equal to the RR
interval, TE was 14 ms, matrix was 128-256
x 512 (phase encoding X frequency encod-
ing) and a rectangular field of view with a
maximum dimension of 30-40 cm was used
to decrease acquisition time and preserve
voxel size. A fast breath-hold spin-echo MR
imaging sequence was used also with an
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echo train length of nine and a matrix of 126
X 256. A single slice was obtained in fifieen
heartbeats. Imaging parameters were: TR
equal to the RR interval, TE was 32 msec.
Section thickness varied from 5 to 10 mm
in the axial plane and was 6 mm in the
oblique sagittal or coronal plane.

Bright blood imaging cine gradient-
echo imaging

Segmented k-space cine gradient-echo MR
imaging without breath holding and triggered
with ECG was performed with the follow-
ing parameters: TR = 7.3 ms, TE = 6-8 ms,
flip angle was 25-40, matrix was 128-200 x
256, field of view was rectangular with max-
imum dimension of 30-45 cm, three signals
were acquired, and section thickness was 5
mni. Sagittal and coronal images were
acquired as determined by the monitoring
physician.

Contrast enhanced three-dimensional
MR-angiography

Contrast enhanced 3D-MRA was performed
by using an radiofrequency spoiled steady
state Tl-weighted 3D sequence. This
sequence used asymmetric echo sampling
{43%) an no fow compensation to minimize
TE.

In the first § patients, the sequence param-
eter were TR/TE=4.6/1.8 ms, 30° flip angle,
and 488 Hz per pixel bandwidth. Field of
view was 200 x 400mm, matrix 165-195 x
512 with one signal acquired, which yield-
ed an in-plane spatial resolution of 1.0 x (1.8
mm to 1.2 x 0.8 mm. The slab thickness was
13 em using 32 partitions, 64 slices were
reconstructed with zero filling which result-
ed in an effective section thickness of 2.0
Tm,

In the latter 11 patients an improved
sequence with the following parameter was
used: TR/TE=3.65/1.60 ms, 25° flip angle,
and 390 Hz per pixel bandwidth. Field of
view 200 x 400 mm, matrix 180 x 512 with

one signal acquired, which yielded an in-
plane spatial resolution of 1.1 X 1,2 mm. The
slab thickness was 13 cm with 44 partitions,
the number of reconstructed sections varied
between 80-100 by zero filling which yield-
ed an effective section thickness of 1.3 to 1.6
mm. For these two sequences, k-space is
acquired sequeniially, which means that the
central lines of k-space, which produce the
contrast in the images, are acquired during
the middle of the acquisition. The data sets
on the aorta were acquired in sagittal direc-
tion, while the pulmonary artery images were
acquired in the coronal direction

A contrast dose of 38 ml of Gadolintum-
DTPA was delivered at a flow rate of 2
ml/sec intravenousty with a MR-compatible
power injector (Spectris; Medrad, Pittsburgh,
PA, USA). The injection was flushed with
20 ml of saline solution. The time of arrival
of contrast to the vessel of interest was
adjusted depending on the circulation time.
The circulation time was determined using
a gradient-echo scan collecting 30 images at
a one second interval. The power injector
was used to administer a 2-mL test does of
Gd-DTPA, which was immediately fol-
lowed by 20 ml of saline. Gradient-echo
scanning was initiated simultaneously at the
onset of the test dose injection. The scans
were obtained in the transversal plane
through the aortic root and pulmonary
artery. The image with maximal pulmonary
or aortic enhancement was identified. The
time between injection and peak enhance-
ment was considered the patient's circulation
time, The delay time (Tdelay) between ini-
tiation of contrast injection and initiation of
scanning was calculated using a formula
described by Prince et al.":

Tdclay - Tcirc + Tgad’fz - Tacq’lz
where Ty,q is the duration of the contrast

injection , and T, is the image acquisition
time.



MRA OF THE THORACIC ARTERIES

247

The total examination time 1o obtain all MR
images of each subject, including position-
ing of the patient, scout imaging, conven-
tional 2D and the contrast enhanced breath-
hold 3D-MRA was approximately one hour.

Image analysis

Source data were analyzed by a single read-
er, who drew regions of interest over the aor-
tic root, ascending aorta, abdominal aorta,
common pulmenary artery, supertor caval
vein, inferior caval vein, left atrium and noise
outside the body to measure the mean and
standard deviation (SD) of signal intensity.
Signal-to-noise ratio (SNR) was defined as
the ratio of mean signal in the vessel to the
SD of signal in the air (noise} anterior to the
chest. The target vessel was considered the
aotta or the pulmonary artery, depending on
the indication for the MR study. The non-tar-
geted vessel was the pulmonary artery for
aorta studies and the aorta in pulmonary
arfery studies,

Semi-quantitative evaluation was performed
by two readers blinded to all clinical infor-
mation in a joint session. For this part of this
study, the aorta and pulmonary artery were
divided into the following segments: aortic
root, ascending aorta, aortic arch, abdomi-
nal aorta, convmon pulmonary artery, left pul-
monary artery and right pulmonary artery.
Motton and ghost artifacts were scored using
the following scale: 0 =none, mild = 1, mod-
erate = 2 and severe = 3. Aortic enhancement
in each segment was graded using the fol-
lowing scale, excellent = 3, good = 2, some
= [, and none (similar to background} = 0.
For comparison the enhancement of the
superior and inferior caval vein was evalu-
ated with the same scale.

Three-dimensional image evaluation
The contrast enhanced 3D-MRA studies
were retrospectively evaluated in a joint ses-
sion by a cardiologist and radiologist in a
random order at least 2 months after the ini-

tial clinical evaluation of the conventional
2D techniques. The 3D-MRA data sets were
transferred to a stand alone dedicated graph-
ic workstation {(Indigo2, Silicon Graphics,
Mountain View, Calif, USA) for three
dimensional evaluation with a volume ren-
dering technique™ using commercially avail-
able software (VoxelView, Vital Images Inc,
Minneapolis, Minn, USA). The pulmonary
vessels or the aorta were selected by manu-
al segmentation, which required 10 to 15
minutes for each data set.

In the volume rendering technique, all
image pixels are integrated to project a three
dimensional data set as a single 2D-image.
A certain opacity is assigned to every pixel
based on its intensity value in the dataset, A
projection line will pass through all the pix-
els from back to front and calculate a com-
bined value of all intensities and opacities of
the pixel on that line to project on the screen.
The opacity for certain structures will
improve the three dimensional impression of
image. The datasets can be rotated in every
direction for optimal visualization of the
major thoracic vessels. The two readers
reviewed the 3D reconstructions of the 3D-
MRA studics together with the original axial
slices of the 3D-MRA studies.

Confirmation of diagnosis

The 3D-MRA study diagnosis was correlated
with either conventional imaging modalities
or confirmation during actual surgery.
Conventional imaging modalities included
conventional angiography, CT angiography
or conventional spin-echo and gradient-echo
MR imaging.

Statistical analysis

All values are expressed as mean & standard
deviation. For continuous resubts the paired,
two-tailed Student t-tests was calculated. For
non-continuous results a nonparametric
Wilcoxon's singed rank test for related
samples was calculated using commercial-
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Fignre 1. (4) Conventional Spin-echo image of a patient with a Potts anastomosis between the aorty

(Ao} and the left pulmonary artery (PA). Due to the turbulent flow through the anastomoses an aneurysim
of 6 cm has developed in the left pulmonary artery. (B) Contrast enhanced 3D-MRA study of the
same paitent. In a single breath-hold a fill 3D dataset of the pulmanary artery can be obtuined. Besides
the aneurysm (curved arrow) in the lefi pulmonary artery (LPA} a stenosis is visible in the proximal
vight pulmonary artery (RPA, straight arrow). For optimal visualization the aorta is removed by mari-
ual segmentation from the data sel. Right anterior cranial view.

ly available software (SPSS version 8.0,
Statistical Package for the Social Sciences,
Chicago , [1, USA). A threshold value of p
< .05 was used to assign statistical signif-
icance.

RESULTS
Contrast timing for the pulmonary artery was
5.0+ 1.9 sec and for the aorta 10.2 = 3.1 sec.

In patients with severe right to left shunt no
difference was observed. In all patients the
3D-MRA was performed successfully. The
mean acquisition time for the 3D-MRA study
was 22.2 £ 3.3 seconds. Contrast enhance-
ment was excellent or good in 18 of the 19
patients (excellent in 15, good in 3). In one
patient contrast enhancement was only
moderate due to an incorrect timing of the

‘Table 1. Quantitative and semi-quantitative image analysis.
Artifacts Enhancement Signal intensity Signal-to-noisc
ratio

Aortic root 0.9540.78  2.79+0.42 475.5+403.1 43.4£23.8
Ascending aorta 026045  2.74+0.56 506.5+£476.1 45.6+26.1
Aortic arch 0.004£0.00  2.63:0.76 - -
Descending aorta 0.11+0.32  2.89+0.32 488.74471.3 42.3+23.1
Abdominal aorta 0.00£0.00  2.79+0.54 467.94431.2 38.1x18.4
Pulmonary artery 047051 2.63+0.76 471.84450.2 41.9426.1
Left Atrium [.2140.83  2.6940.58 474.3£430.9 41.0£21.5
Superior caval vein 0352046  0.79+0.63 248.6£202.1 22.3+13.7
Inferior caval vein ~ 0.56+£0.51  0.68+0.58 230.4+206.4 18.6+10.6
Target vessel 0.3240.48  2.7940.54 515.1456.8 47.5£28.8
Non-target vessel 0.42+0.51  2.58+0.77 514.52479.9 46,9+28.0
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contrast bolus, The use of a short contrast
bolus resulted in only a moderate enhance-
ment of the superior and inferior caval vein
by the contrast agent {0.79 versus 2.74 for
the ascending aorta, p < 0.01)(Table 1).
Motion and ghost artifacts in the aortic root
were larger compared to the ascending aorta
{mean 0.95, versus 0.26, p < 0.01).

In the quantitative analysis the signai inten-
sities and SNR of the blood in the aorta, pul-
monary arteties and the left atrium were sig-
niticant higher compared to the systemic
veins. Between the different segments of the
aoria and the pulmonary artery no significant
difference in signal intensity and SNR was
preseni. Although a shorter delay time was
used for the targeted imaging of the pul-
monary artery then for the aorta no signifi-
cant difference in signal intensity and SNR
between the target and non-target vessel was
present in the data.

All acquired and congenital abnormalities of
the thoracic aorta and pulmonary artery and
its branches were clearly visualized with 3D-
MRA. The diagnosis from 3D-MRA corre-

2 Tigure 2. Twenty-seven
year old patient with prior
surgery for coarctation of
the acita. (A) fin comven-
tonal gradient-echo imag-
ing, three parallel datasets
are necessary o cover the
complete coarclation site.
(B) Conirast enhanced
ID-MRA covers the entire
thorucic aorta in a single
breathhold. With volume
endering this datasel coan
be reviewed off-fine fiom
B fifferent orientations and
the coarctation site can be
localized easily {straight
arrow). In the left sided
view (middle tmage) the
collateral  circulation
(curved arrow) can be rec-
L ognized easily. LAO = lefi
| anterior obligue view;
| RPO = right posterior
i oblique view; R = Right,; L
= Left; Ao = Aorta; PA =

Pulmonary artery.

sponded with the conventional imaging
modalities or was confirmed during surgery.
The results of all patients are listed in
Table 2, The usc of volume rendering to eval-
uate 3D-MRA studies of the aorta and pul-
monary artery from different viewing angles
is shown in Movie 1. Figure 1 and Movie 2
illustrate an example from the group of
patients with congenital cardiac disease and
prior surgery of the pulmonary artery. A typ-
ical example of a patient with a congenital
aortic abnormality is shown in Figure 2.
From the group of patients with acquired aor-
tic discasc an cxample is shown in Figure 3.
Figure 4 illustrates the differences in post-
processing with MPR, MIP and volume ren-
dering. Figure 5 demonstrates the advantages
ot post-processing with volume rendering in
congenital abnormalities of the aortic arch.

DISCUSSION

Contrast enhanced 3D-MRA acquisition
Conventional unezhanced MR imaging of
the aorta performed with 2 spin-echo and



250

CHAPTER 19

Table 2, Study population and results.

GenderAge Diagnosis

Result

Confinmation

Pulmonary artery

1 F 18 Tontan circulation
2 M [7 Double outlet RV
3 M 40 Tetralogy of Fallot

4 F 57 Tetralogy of Fallot

Congenital aortic abnormality
5 M 29 Aortic coarctation?

6 M 29 Aortic arch abnormality

7 M 18 Aortic coarctation?
Follow-up aortic coarctation
Follow-up aortic coarctation

0F 27
IIF 26
12F I8

Follow-up aortic coarctation
Follow-up aortic coarctation
Follow-up aortic coarctation

Acquired aortic disease
I13F 61 Atherosclerotic aortic
14F 64 Aneurysm ascending and
descending aorta

I5F 29
16F 23
17F 73

Ehlers-Danlos
Marfan's disease
Aneurysm descending aorta

18M 76 Aneurysm aortic arch

19M 36 Anecurysm descending aorta

Normal pulmonary arteries
Pulmonary artery stenosis
Normal pulmonary vessels
Mirror gortic arch
Aneurysm left pulmonary
artery, & 6 cm

No coarctation

Tortuous aortic arch

Right sided aortic arch
Aberrant left subclavian
Severe coarctation
Abundant collaterals

Long slight stenosis

Good post-operative result
Cervical aortic arch
Restenosis, length 5 cm
Good post-operative result
Good post-operative result

Conventional MR
Surgery
Conventional MR

Surgery

Conventional MR
Conventional MR
Surgery

Conventitonal MR
Conventional MR

Surgery
Conventional MR
Conventional MR

left subclavian from vertebral artery

Sever stenosis aortic arch
arch stenosis
Arch vessels not involved

CT angio

Angio

Ascending aorta: @ 6.9 cm

Aberrant right subclavian artery

No aortic aneurysm Conventional MR
Aneurysm non-coronary cusp Angio

Arch vessels not involved,  Angio
8 cm

Left carotid artery and Angio
subclavian from aneurysm

977 cem

Arch vessels not involved,  Angio

6 cm, muoral thrombus

RV = Right Veniricle
MR = Maganetic Resonance
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pradient-echo acquisitions has inherent lim-
itations associated with the signal properties
of flowing blood. In spin-echo imaging siow
flow reduces the contrast between lumen and
vessel wall thus underestimating real diam-
eters, whereas in gradient-echo imaging
blood flow turbulence due to a stenosis
reduces the signal intensity thereby overes-

§ Figure 3. (A} Conven-
8 tional angiogram of «
patieni with an aneirysm
of the ascending aoria.
(B) Contrast enhanced 3D-
MRA of the thoracic aorta
(Ao) and pulmonary artery
(PA). RC = Right common
carofid artery, RS = Right
subclavian artery, LC =
Left  common  carotid
artery, LS = Left subcla-
vian artery.

timating the severity of that stenosis.
Contrast enhanced MRA. overcomes these
problems because the image contrast is pre-
dominantly derived from the TL-shortening
effect of Gadolinium and therefore is only
minimalily degraded by flow-related artifacts.
Initially contrast enhanced MRA required
between two and three minutes for a 3D

. Figure 4. Different post pro-
cessing techniques for conirast
enhanced 3D-MRA of a normal
thoracic aorta. (A} Multiplanar
reconstructions: multiple par-
allel slices are reconstructed to
cover the whole aortic arch and
it's branches. The left common
| carotid artery (LC) and lefi sub-
clavian artery (L8} are best
visualized in the first slice, the
right brachiocephalic artery
(RB) in the second and the right
common carotid artery in the
third slice. (B) Maximum inten-
sity projection. Although the
hranch vessels can be visualized
i a single image, due to the
limited depth information the
anterior (Ant) and posterior
view (Post) of the same data set
seem only mirrored images
where the actual pusition of the
¥ descending aorta (arrow head)
§ can not be defermined. (C)
Volume rendered image of the
same patient illustrating the
improved depth infarmation
compared to the MIP jmage. In
these images the descending
aorta can easily be recognized
farrow head).
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: ﬁ

study with a continuous infusion of a con-
trast agent, Although only moderate
enhancement was achieved and respiratory
motion artifacts were present abdominal
ancurysms, renal artery stenosis and thoracic
artery disease were diagnoscd. With present
faster MR-systerms a 3D study can be per-
formed in 20 to 30 seconds which allows
breath-holding to eliminate the respiraiory
motion artifacts. Now this technigue is very
useful for evaluation of a variety of pathol-
ogy of the great thoracic vessels as shown
in our patients. [n addition contrast injection
rates can be increased which resuits in an
improvement of the SNR.*#

Despite the advantages and possibilities of
3D-MRA some limitations should be men-
ttoned. The contrast enhanced MRA was
obtained without ECG-triggering. This
allows also evaluation of patients with
rhythm disturbances, but reduces the image
guality of the aortic root and eliminates the
ability to determine the functional impact of
severc stenoses by the presence of turbu-
lances and signal voids as present in gradi-
ent-echo imaging.

Exact timing of the contrast media arrival is
crucial since sufficient T1 shortening of

(Aa) with the left subclavian avtery (LS) from the
descending aorta. The volume rendered image (A) gives move depth information compared fo the
MIP image (B). RS = Right subclavian artery, RC = Right common carotid artery, LC = Left com-
mon carotid artery.

blood is achieved only during peak vascu-
lar concentration. Despite the use of a test
holus technique reduced erthancement of the
desired vessel may appear when timing is not
optimal. Real-time depiction of the bolus
arrival® or multiphase acquisilion strategies
will diminish this problem.'

Three-dimensional image evaluation
Standard evaluation of 3D data sets is per-
formed on the original source slices, either
in sagittal or coronal direction, which
requires a great amount of experience and
knowledge of spatial anatomical relations in
these directions, which may even be more
problematic in congenital abnormalities.

Additionally new images can be recon-
structed with multiplanar reformatting
{(MPR) which resamples the volume data
(usually along a plane) and displays the result
in a "new" separate tmage. In its simplest
form, a single orthogonal section through the
volume is displayed. More advanced umple-
mentations simultaneously show multiple
orthogonal sections {coronal, sagittal, trans-
versal), are able to display planes of arbitrary
direction (oblique sectioning), or even along
curved lines that can be interactively drawn.
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Current workstation technology facilitates
real-time display and manipulation of cut
planes in volume data. The major drawback
of MPR is that only a part of the dataset is
used for a single image and oaly one image
can be visualized at the same time so that tor-
tuous and branching vessels are not depict-
ed over their full length unless separate
reconstruction's are made for every branch
(Figure 4A). MIP is another algorithm
which is widely used for both CT and MR
angiography. MIP used for vascular imag-
ing introduces several artifacts."" First, duc
to partial volume effects the value of the pix-
els at the edges of the vessel approximate the
background noise which results in a reduc-
tion of vessel diameter and possible over-
estimation of stenosis. Second, because of
the projectional nature of MIP three-dimen-
sional ambiguous images are presented. This
ambiguity can be perceived by displaying
images from different view points for a
dataset. After a rotation of 180° two seem-
ingly mirrored irnages are obtained where the
difference between anterior and posterior
stroctures is lost (Figure 4B). This causes
Tack of depth in the images.

Volume rendering is an alternative 3D post-
processing tool which is more computation-
ally intensive and time consuming then MIP
and MPR. However with present dedicated
graphic workstations an image from any
desired orientation can be computed within
seconds. Volume rendering has a number of
advantages over MIP. Because all the data in
the 3D data set are used in the algorithm, the
resulting images potentially contain more
information than those created with MIP. The
ability to simultaneously display both super-
ficial and deep structures in an image creates
"depth" in the image (Figure 4C). Volume
rendering is often combined with depth and
surface shading to give the view a very real-
istic sense of three-dimensionality which is
an mmportant issue in complex {congenital)
aortic disease (Figure 5).

Volume rendered angiograms of MRA are
much alike the images obtained with con-
ventional catheter angiography (Figure 3)
and may show vessel dimensions, intralu-
minal features, and overlapping vasculature.
Despite its numerous advantages, volume
rendering also has important limitations. The
final image quality depends on the segmen-
tations of the data that are fed to the ren-
dering algorithm. Segmentation is the arbi-
trary user determined process by which
voxels are classified as belonging to specif-
ic objects with distinct features, such as indi-
vidual organs or tumor. The opacity settings
for different tissues are arbitrary, and inap-
propriate use may introduce errors. Very
opaque volume renderings may not clearly
depict distinct edges, may hinder precise
measurements, or may effect user interaction
such as surgical simulation.

CONCLUSIONS

The combination of contrast enhanced 3D
MRA with volume rendcring as post pro-
cessing technique gives unique information
of complex 3D structures of the thoracic
aorta. The techmique is robust and may
replace conventional angiography of the
aorta and pulmonary artery.
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INTRODUCTION

Cardiovascular disease remains the leading
cause of death worldwide.™ Conventional
selective coronary angiography (CAG) is the
gold standard for the assessment of the coro-
nary artery anatomy."® However it is asso-
ciated with significant radiation exposure and
a small risk (1.7%) of serious complica-
tions.” Therefore non-invasive coronary
angiography is highly desirable. In the
development of non-invasive coronary
angiography techniques the specifications of
conventional selective coronary angiography
have to be kept in mind. CAG is a projec-
tional technique which covers the complex
tortuous epicardial course of the coronary
arteries with a high spatial resolution (up to
5 linepairs/mm, approximately 0.1 mm) and
a high temporal resolution (up to 50
frames/sec). These specifications are almost
unbeatable.

ACQUISITION STRATEGIES

In this thesis we studied two tomographic
techniques which have the potential to
visualize the coronary arteries non-inva-
stvely: electron beam computed tomography
(EBT) and magnetic resonance imaging
{MRI). Both do not achieve the acquisition
speed possible with CAG, and therefore
some trade off between resolution, coverage
and image quality has to be made. With

slower acquisition techniques cardiac motion
related to respiration and cardiac contraction
determine the major settings of all tech-
niques. During cardiac coniraction a acqui-
sition window of fess then 50 ms is highly
desirable’ but a window of approximately
100 ms during mid to late diastole, which
does induce minimal image blur, must be
accepted for current non-invasive tech-
niques. Respiration related motion can be
reduced with breath-hold or complicated res-
piratory gating techniques. In EBT breath-
hold tmaging is the only option and with a
stice thickness of 1.5 mm a volume of 60 mm
can be covered in approximately 30 seconds
depending on the heartrate. MRI of the
abdominal aorta and renal arferies using
breath-hold contrast-enhanced magnetic res-
onance angiography, has been widely accept-
ed for the diagnosis of atherosclerotic arte-
rial disease. Magnetic resonance coronary
angiography (MRCA) is more complex due
to additional cardiac motion during the car-
diac cycle. Using retrospective respiratory
gated cardiac triggered MRCA we did not
obtain sufficient image quality and diagnostic
accuracy in a general patient population. This
was mainly due to the large gating window
necessary o obtain an acceptable acquisition
time and the irregular breathing pattern fre-
quently present in patients. With the intro-
duction of faster MRI systems the possibit-

Tabel 1. Specification of non-invasive coronary angiography techniques compared with

conventional invasive angiography.

Invasive-CA  EBT-CA MRCA-NAV MRCA-BH
(VCATS)

Resolution {(mm) 0.1 x 0.1 0.7x07x1519x125%x2.019x125x1.5
Acquisition time 8 x 30 sec 2 x 30 sec 30 min 7 x 24 sec
Examination time 30 minutes 10 minutes 40 minutes 30 minutes
Acquisition windowMinimal 20 ms 100 ms 128 ms 110 ms
Contrast agent Yes Yes No No
Three-dimensional Projectional  Stack of 2D Real 3D Real 3D

acquisition

CA = coronary angiography, EBT = electron beam computed tomography, MRCA = magnetic res-
onaitce coronary angiography, NAV = Navigator free-breathing imaging, BH = Imaging during breath-

holding.
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ities of breath-hold MRCA are expected to
increase, which may result in better image
quality. For breath-hold MRCA we devel-
oped a new three-dimensional sequence
which uses small targeted volumes to cover
the major coronary artery branches is a few
breath-holds. This sequence is known as
VCATS (Volume Coronary Angiography
using Targeted Scans). Table 1 compares the
specitications of these non-invasive coronary
angiography techniques with conventional
selective coronary angiography.

In the first experiments the acquisition pro-
tocol of VCATS to visualize the major coro-
nary artery branches proved to be robust in
voluntcers and patients (chapter 7).
Additionally the length of the coronary arter-
ies visualized was comparable to respirato-
ry gated MRCA (chapter 8) while the
image quality, and vessel delineation was
even superior {chapter 9). These encourag-
ing results prompted further studies to com-
pare the capabilities of EBT and the two
MRCA techniques for the detection of
coronary artery stenosis. Table 2 compares
the advantages and disadvantages of the two
MRCA techniques with EBT.

IMAGE POSTPROCESSING

Both MRE and EBT may produce three-
dimensional (3D} datasets while conven-
tional CAG only provides projectional
images. This may be an advantage in case

of an eccentric atherosclerotic plaque which
is a known problem in conventional CAG.
To evaluate these 3D datasets using a two-
dimensional surface as computer monitors,
several postprocessing tools are available.
During our research we experimented with
multiplanar reconstruction (MPR), maxi-
murn intensity projection (MIP), surface ren-
dering (SR) and volume rendering {VR)
algorithms. Of these volume rendering has
the largest potential, it is particular well suit-
ed to study complex three-dimensional
structures as the aortic arch and coronary
arteries. With volume rendering it is possi-
ble to produce both for MRI and EBT to pro-
duce nearly anatomical images (chapters 5
and 14). Additionally volume rendering
includes the unique opportunity to provide
a certain opacity to selected structures. The
most striking example of this feature is the
ability of make the blood in the coronary
fully opaque and perform a fly-through of the
ceronary arteries which may look like a vir-
tual angioscopy (chapter 16). It should be
reminded that these images do not provide
the same information about plaque compo-
sition as real coronary angioscopy, But they
may be of value in patients with severe cal-
cifications of the coronary artery wall or after
coronary artery stent implantation where
external visualization of the lumen is
obstructed by high pixel intensities. Although
with present computer systems volume ren-

Tabel 2. Advantages and disadvantages of different non-invasive coronaty angiography

techniques,
EBT MRCA-NAV MRCA-BH (VCATS)
Advantages - Fast - Repeatable - Repeatable
- High in-plane - Covers whole volume - Improved image quality
resolution of the heart
Disadvantages - Sensitivity to - Interference on ECG - Interference on ECG
arrhythmia
- Calcification - Claustrophabia - Claustrophobia
artefacts

- Use of X-rays

- Low contrast

- Low contrast

EBT = electron beam computed tomography, MRCA = magnetic resonance coronary angiography,
NAV = Navigator frec-breathing imaging, BH = Imaging during breathholding.
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dering it self may be a fast process, the selec-
tion of settings necessary to provide optimal
umages may be too cumbersome for routine
clinical use. In studies comparing MR P, MIP
and SR for MR and CT angiography of the
renal arteries no additional benefits in diag-
nostic accuracy have been demonstrated. '

CLINICAL STUDIES

In the development of non-invasive coro-
nary angiography many parameters to com-
pare different techniques and sequences are
used. Possibilities are vessel boundary
sharpness, vessel diameter, vessel length
visualized, signal-to-noise ratio, contrast-to-
noise ratio and many others. However, these
measurements should be considered as sec-
ondary endpoints. The final test is always
the diagnostic accuracy of a technique in
routine clinical practice. We performed
these studies for the two different MRCA
technigues and EBT and the results are list-
ed in table 3.

Tabel 3. Non-invasive coronary angiography
of the proximal and mid coronary segntents

EBT MRCA-NAV MRCA-BH

(VCATS)
Visualization 81% T4% 69%
Sensitivity 77% 50% 68%
Specificity  94% 91% 97%
Accuracy  91% 84% 92%

From these results we concluded that
breath-hold MRCA using VCATS is supe-
rior to retrospective respiratory gated
MRCA. However EBT is superior to both
with regard to the number of segments
which could be visualized with an accept-
able image quality (81% versus 69%, p <
0.05), while the diagnostic accuracy is com-
parable to VCATS (91% versus 92%,
p = n.s).

FUTURE DEVELOPMENTS

Electron beam computed tomography
Since we performed our patient studies the
inplane resolution of EBT has improved. The
next generation EBT scanners will have a 50
ms acquisition window, which is an impor-
tant tmprovement for the fast moving right
coronary artery. The optimal delay time
selected for cardiac triggering is still unre-
solved and may be different for the right
coronary artery and the left anterior descend-
ing coronary artery. Repetitive imaging
with different delay times, as in CAG, may
be necessary to solve this issue, However the
major limitation of EBT is that it only
acquires a single slice in one heartbeat that
limits the resolution in the z-axis or the cov-
erage over the z-axis. A second contrast
injection seems reasonable taking into
account the present less toxic contrast media
which may be used to increase the coverage.
Implementation of a high-resolution double
detector ring will be the awaited alternative
technical development. In the same time the
development of conventional CT is pro-
gressing fast. The fasiest spiral CT-systems
now in clinical use have a temporal resolu-
tion of 250 ms, which combined with a
multi-slice detector and an ECG-gated
reconstruction algorithm, are also able to pro-
duce images of the coronary arteries with
acceptable image quality. In the future mul-
tislice spiral CT may proof to be the best
alternative for non-invasive coronary angiog-

raphy.
Magnetic resonance imaging

Possibilities to improve the signal-to-
noise ratio

MRCA needs to be improved on several top-
ics. Most importantly the resolution has to
improve. For this the signal-to-noise ratio
{SNR) is presently the limiting factor. MR
contrast agents may be used for this purpose.
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They boosted the implementation of MR
angiography of the aorta and the peripheral
vessels but did not yet provide the definite
answer for MRCA. MRA of the aorta and
the peripheral vessels does not require car-
diac triggered scans, but uses continuous
scanning. The tissues surrounding the ves-
sels are then saturated while the blood
remains unsaturated due to the presence of
a strong T1 shortening contrast agent™!
which results in a high SNR and contrast-
to-noise ratio (CNR). Standard, ECG trig-
gered non-contrast enhanced MRCA
sequences benefit from blood inflow effects
between successive heartbeats making the
signal amplitude of blood less dependent on
the T1 relaxivity of blood and therefore SNR
and CNR will improve less from present
available MR contrast agents. Improvements
have been envisioned only if the T1 of blood
is reduced to values less then 50ms (or short-
er T1s with the faster TRs possible in new
MR gradient systems).” Gadelinium based
agents used for contrast enhanced magnet-
ic resonance angiography of the aorta and
peripheral vessels are able to achieve this,
but they are distributed initially within the
intravascular compartment and diffuse rap-
1dly throughout the extracellular (vascular
plus interstitial) space. This limits their pos-
sible use in the long acquisition schemes fre-
quently used in coronary imaging. Therefore
intravascular MR contrast agents have been
developed'*"® but none is FDA approved yet.
We demonstrated that with some presently
available MR contrast agents SNR in MRCA
can be improved using dedicated sequences.
Alternative SNR ratio can be increased using
higher field magnets (3T) in dedicated car-
diac MRI systemns. In the same time high pra-
dients and short rise times may be used to
reduce the acquisition time of MRCA which
will result in less motion artifacts. Phase
array body coils to improve SNR are now
standard in cardiac imaging. Dedicated MR
systems will incorporate the spatial local-

ization of coil reception pattern in the
reconstruction algorithms as SMASH or
SENSE to speed up the acquisition. Most of
these newer MRI scanner are shorter and
have a larger bore, which will reduce claus-
trofobia effects in patients,

Possibilities fo improve cardiac triggering
The quality of the ECG is hindered by inter-
ference of the gradient systems so that pre-
cise cardiac triggering is difficult. One
solution provided by some manufacturers is
an ECG system in which one of the limb
feads can be selected at will that produces
the best ECG tracing. Nevertheless, this does
not guarantee complete elimination of the
interference created by the gradient switch-
ing and newly developed optical ECG
devices have started to appear on the mar-
ket 20. These devices amplify the ECG sig-
nal close to the reception electrodes and send
the analog signal via fiber optics to the
patient-inonitoring unit. These devices are
robust even with EP1 acquisitions ** and will
be available with future cardiac-dedicated
MRI units.

Possibilities to reduce respiratory
motion artifacts

In our studies respiratory related coronary
motion was better reduced with breath-hold
imaging compared to retrospective respira-
tory gating. Prospective respiratory triggered
techniques may also be an improverent,
These may be combined with a tracking
algorithm to shift the imaging volume with
the craniocaudal motion of the heart during
breathing. More sophisticated sequences in
which the central portion of k-space is col-
lected with a small respiratory gating win-
dow (e. g., £ | mm) while the data for the
outer portions of k-space are scanned with
increasingly coarser gating windows {e. g.,
+ 3, + 5, and + 7 mm) may even further
reduces respiratory motion artifacts. It
should be reminded that the craniocaudal
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motion of the heart during breathing is dif-
ferent for the aortic root region and the apex
of the heart and also varies for each patient.
And in addition to the craniocaudal cardiac
motion during respiration there is also sig-
nificant anteriorposterior and left-right
motion. Although these movements are
small, they and the craniocaudal motion
problems mentioned before, will limit the
visualization of submillimeter details with
respiratory gated MRCA.

THE ROLE OF MRCA IN CARDIO-
VASCUILAR DISEASE

Although the results of MRCA are present-
ty insufficient for routine clinical use, MRI
of the coronary arteries may have some
advantages over conventional selective coro-
nary angiography and EBT or CT. In CAG
little information regarding coronary artery
blood flow is obtained and no functional sig-
nificance of coronary iesions is obtained.
Therefore intracoronary echo-doppler flow
and pressure measurements have been devel-
oped. However, these are invasive and
expensive, Velocity encoded phased-contrast
MRI (PC-MRI) can been used to measure
flow in a variety of vessels, including the
coronary arteries, Studies comparing PC-
MRI and intracoronary US measurements
showed a good correlation between both
techniques.” Clinically it has been used for
the detection of restenosis after percutanous
coronary intervention and coronary artery
bypass graft patency.™*

MRCA combined with additional MRI
techniques may provide a full non-invasive
cardiac evaluation. Wall motion and systolic
wall thickening are now standard techniques
in cardiac MRI examinations. Dobutamine
Stress-Cine MRI has shown to be highly
accurate to detect reliable myocardial
ischaemia. Alternatively functional evalua-
tion of coronary artery lesions may be per-
formed with MR perfusion imaging which
is now in the clinical phase evaluation. The

most exciting new possibility of MRI is the
ability to study non-invasively the compo-
nents of the arterial wall. The composition
of the atherosclerotic plaque, rather than the
degree of vessel stenosis, is known to mod-
ulate the risk of rupture and subsequent
intravascular thrombus, Superficial vessels
such as the carotid and femoral arteries, using
exiernally placed coils were studied, and to
overcome the SNR barrier for deeper arter-
ies intravascular catheter MR probes were
used.® It appeared that it was possible to
accurately characterize and quantify ather-
osclerotic lesions using T'1-, proten density,
and T2- weighted imaging sequences.”*
This technigue may become a major tool to
study more closely atherosclerosis.
Conseguenily MRI wili be a significant tool
in the evaluation of the full cardiovascular
status of patients with atherosclerotic disease.
This will include not only MRCA and
determination of functional parameters as
myocardial perfusion and systolic wall
thickening but also angiography of the
aorta, carotid and peripheral arteries.

CONCLUSIONS

MRI is a general accepted imaging technique
to evaluate a wide range of diseases of the
central and peripheral vasculature and is
presently replacing conventional contrast
angiography. Non-invasive coronary angiog-
raphy is much more complex due to cardiac
motion during respiration and the cardiac
contraction cycles. Both EBT and MRI are
presently insufficiently reliable to replace
conventional selective coronary angiography
but many new hmprovements are being
developed. Eventually the technique may
evolve into a reliable non-invasive coronary
angiography technique.
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SUMMARY 269

This thesis investigates magnetic resonance imaging (MRI) and efectron beam computed
tomography (EBT) as two non-invasive alternatives for conventional angiography with a
special focus on the coronary arteries.

The first part of this thesis provides an overview of the technical principles of MRI for
non-invasive coronary angiography. Chapter one and two provide an intreduction for car-
diologist to the principles of magnetic resonance imaging and the special needs for mag-
netic resonance coronary angiography (MRCA}). A technical paper (Chapter 3) which
describes the difficulties of MRCA with more detail follows this. Chapter four provides a
practical approach to obtain the different imaging planes necessary to study or evaluate
the coronary arteries in non-invasive imaging. Chapter five provides an overview of the
coronary artery anatomy in three-dimensional imaging by MRI. Chapter six evaluates stan-
dard cardiac triggered respiratory gated MRCA with for the detection of coronary artery
disease. Chapter seven introduces a new strategy for MRCA using targeted volumes along
the anatomical routes of the coronary arteries to optimize the resolution and the imaged
volurme within a 25 seconds breath-hold acquisition peried. This strategy will be referred
to as VCATS for volume coronary angiography with targeted scans. Chapter eight provides
a first evaluation of MRCA with VCATS in patients. The robust of VCATS is confirmed
and the visualized vessel length is sufficient for clinical use. To compare VCATS with ear-
lier MRCA techniques chapter nine studies quantitatively image sharpness and vessel diam-
eter in VCATS and respiratory gated MRCA. It concludes that in unselected patients breath-
hold MRCA provides sharper vessel boundaries with a more realistic vessel diameter. In
the next two chapters the possible clinical application of VCATS are explored. Tn chapter
10 the feasibility to detect coronary arteries stenoses is explored. In this study the obtained
sensitivity and specificity is insufficient to warrant the use of this technique in a clinical
setting. Nonetheless chapter 11 demonstrates that VCATS has a very high diagnostic accn-
racy to detect the patency of sequential venous coronary artery bypass grafts. The bene-
fits of MR contrast agents to improve MRCA are evaluated in the last chapter of this part.

The second part of this thesis describes the principles of non-invasive coronary angiogra-
phy with electron beam computed tomography in chapter 13. In chapter 14 and 15 the clin-
ical results of EBT for the diagnosis of coronary artery disease are reported. Here it is shown
that EBT is ablc to visualize > 70% of the major coronary arteries with a high image qual-
ity. Within these hranches significant coronary arteries stenoses can be detected with a high
degree of diagnostic accuracy. The use of the latest postprocessing tools to perform a vir-
tual coronary angioscopy of the coronary arteries using data from EBT coronary angiog-
raphy is illustrated in chapter 16.

The third part (chapter 17} gives a direct comparison between MRI and EBT as tools for
detecting of significant coronary artery stenosis in patient referred for convention coro-
nary angiography. It is concluded that EBT is presently slightly better than MRI to ade-
quately visualize the proximal and mid coronary artery segments and detect stcnoses in ,
these segments, but distal segments cannot be visualized by either technigue.

Part 4 is a supplement on non-ECG-triggered magnetic resonance angiography of the tho-
racic arteries. Chapter 18 reviews the present MRI protecols for the thoracic arteries and



describes the advantages of breath-hold contrast enhanced magnetic resonance angiogra-
phy. The value of contrast enhanced magnetic resonance angiography for the diagnosis of
congenital and acquired disease of the aorta and pulmonary artery disease is studied in
Chapter 19.

The last part of this thesis contains a general discussion on the present status of both tech-
niques and their possible future developments for non-invasive angiography.
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Dit proefschrift behandelt magnetische resonantie beeldvorming (magnetic resonance ima-
ging [MRI]} en elektronen bundel computer tomografie (EBT) als twee verschillende niet-
invasieve alternatieven voor conventionele angiografie, met de nadruk op de afbeelding
van de coronaire arterién.

Het eerste deel van dit proefschrift geeft een overzicht van de technische principes van
MRI voor niet-invasieve coronaire angiografie. Hoofdstukken 1 en 2 bevatten een inlei-
ding tot de principes van magnetische resonantie coronaire angiografie (MRCA). Hierop
volgt een technisch hoofdstuk (hoofdstuk 3) dat de problemen van MRCA meer gedetailleerd
beschrijft. Aansluitend geeft hoofdstuk 4 een praktische werkwijze om de verschillende
athecldingsvlakken te verkrijgen die nodig zijn om de coronaire arterién niet-invasief te
onderzoeken. Hoofdstuk 5 geeft een overzicht van de anatomie van de coronaire arterién
in drie-dimensionale afbeeldingen verkregen met MRI. Hoofdstuk 6 geeft een evaluatie
van ECG-gestuirde en ademhaling-volgende MRCA voor het opsporen van coronaire arterie
ziekten. Hoofdstuk 7 introduceert een nieuwe strategie voor MRCA met behulp van kleine
doelgerichte volumes fangs anatomische viakken met data acquisities gedurende een adem-
stilstand van 25 seconden. Deze strategie wordt aangeduid met VCATS (Volume Coronary
Angiography with Targeted Scans). Hoofdstuk § geeft een eerste evaluatie van VCATS bij
patiénten. De praktische uitvoerbaarheid van dit principe werd bevestigd en het afgebeeld
gedeelte van de coronaire arterién was van voldoende lengte voor klinisch gebruik. Om
VCATS te vergelijken met eerder gebruikte MRCA technieken wordt in hoofdstuk 9 VCATS
kwantitatief vergeleken met een ademhaling-volgende techniek voor afbeeldingsscherpte
en bleedvatdiameter. Uit dit onderzoek bleek dat bij ongeselecteerde patiénten MRCA tij-
dens ademstilstand scherpere bloedvaten en een meer realistische bloedvatdiameter ople-
vert dan ademhaling-volgende technieken. In de volgende twee hoofdstukken worden twee
mogelijke klinische toepassingen van VCATS onderzocht. In hoofdstuk 10 wordt de
mogelijkheid om vernauwingen in de coronaire arterién op te sporen geévalueerd, Uit deze
studie bleek dat de sensitiviteit en specificiteit onvoldoende waren om deze technick in de
prakiijk toe te passen. Niettemin kan in hoofdstuk 11 worden aangetoond dat VCATS een
zeer hoge sensitiviteit en specificiteit heefl voor het aantonen van de doorgankelijkheid
van aorta-coronaire omleidingen. De mogelifkheden van MR-contrastmiddelen om MRCA
te verbeteren worden onderzocht in het laatste hoofdstuk van dit gedeelte.

In het tweede gedeelte van dit proefschrifi worden de principes van niet-invasieve coro-
naire angiografie met behulp van EBT beschreven in hoofdstuk 13. In de hoofdstukken 14
en 15 wordt gerapporteerd over twee klinische studies om met EBT de diagnose van coro-
naire arterie ziekten op te sporen. Hierin werd aangetoond dat EBT in staat is meer dan
70 % van de belangrijkste coronaire arterién af te beelden met een uitstekende beeldkwaliteit.
In deze vaten konden significante vernauwingen met een hoge graad van zekerheid wor-
den opgespoord. Het gebruik van de nieuwste beeldbewerking computerprogramma's om
een virtuele coronaire angioscopie te verrichten met behulp van data van EBT coronaire
angiografie wordt in hoofdstuk 16 beschreven.

Het derde gedeelte (hoofdstuk 17} is een vergelijking tussen MRI en EBT als niet-invasieve
technicken voor het opsporen van significante vernauwingen in de coronaire arterién van
patiénten, verwezen voor conventionele coronaire angiografie. Er kan worden geconcludeerd



dat EBT op dit moment enigszins beter is dan MRI voor het adequaat afbeelden en het
opsporen van verpauwingen in de proximale en midden segmenten van de coronaire arte-
rién. Helaas konden distale segmenten door beide technieken onveoldoende worden afge-
beeld.

Het vierde gedeelte van dit proefschrift betreft een supplement over niet-ECG-gestuurde
magnctische resonantie angiografie van de thoracale arterién. Hoofdstuk 18 geeft een
overzicht van de verschillende MRI protocollen die thans in gebruik zijn om de thoracale
arterién af te beelden en beschrijft de voordelen van MR angiografie protocollen waarbij
contrastmiddel wordt gebratkt. De waarde van MR angiografiec waarbij contrastmiddel wordt
gebruikt voor de diagnose van congenitale en verworven ziekten van de aorta en pulmonaal
arterién is het onderwerp van hoofdstuk 19.

Het laatste gedeelte van dit proefschrift bevat een algehele discussie over de huidige stand
van zaken van beide technieken en de mogelijke toeckomstige ontwikkelingen van niet-
invasieve angiografie.
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