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Introduction

Magnetic resonance is helpful in the diagnosis and
assessment of cardiovascular disease. However, there
are no published guidelines on the clinical role of the
technique, although with the growing interest of clini-
cians in cardiovascular magnetic resonance their need is
now pressing.

The board of the European Society of Cardi-
ology has created a Task Force to establish the current
clinical role of magnetic resonance imaging and spec-
troscopy in the diagnosis and assessment of diseases of
the heart and great vessels. Because magnetic resonance
is a multidisciplinary technique, the task force was
composed of cardiologists, paediatric cardiologists and
radiologists and these guidelines are jointly supported by
the European Society of Cardiology and the Association
of European Paediatric Cardiology. Task Force recom-
mendations are based on evidence from published litera-
ture and from the clinical experience of its members.
Whenever there is little published evidence for a recom-
mendation this is indicated, but usually no recommen-
dation is made in this circumstance. To strengthen the
clinical value of the guidelines, the role of magnetic
resonance is described alongside that of other imaging
techniques, with emphasis on the relative role with
respect to echocardiography. The rapid development of
magnetic resonance means that its indications are ex-
panding. Thus, these guidelines will require updating
with time.

The value of imaging techniques in individual
circumstances is often defined as appropriate, accept-
able, rarely justified, and not indicated. Consequently,
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the classification of the ACC/AHA Task Force on
Assessment of Diagnostic and Therapeutic Cardiovascu-
lar Procedures' has been adapted:

Class | — provides clinically relevant information
and is usually appropriate; may be used
as a first line imaging technique
provides clinically relevant information
and is frequently useful, but similar in-
formation may be provided by other
imaging techniques

may provide clinically relevant infor-
mation but is infrequently used because
information from other imaging tech-
niques is usually adequate

does not provide clinically useful infor-
mation

potentially useful, but still under investi-
gation

Class Il —

Class 11l —

Class IV —

Inv —

Technical aspects

Although an understanding of the physics of magnetic
resonance is important in appreciating the capabilities
of the technique, a full description is beyond the scope of
this report. A brief description of the technical aspects
of magnetic resonance is included to aid understanding
of the terms used.

Nuclear magnetization

The hydrogen nucleus is abundant in water and it is
therefore the most clinically useful of the nuclei exhibit-
ing the phenomenon of magnetic resonance. The proton,
which forms the hydrogen nucleus, behaves as a small
magnet. If placed in a magnetic field, the nucleus will
align with the field and it will precess in the same way
that a spinning top precesses in a gravitational field. The
frequency of precession depends on the strength of the
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magnetic field and the type of nucleus. For hydrogen,
this precessional or resonance frequency is approxi-
mately 21 MHz for a field of 0-5 Tesla and 63 MHz for
a field of 1-5 Tesla. The nuclei align parallel or antipar-
allel to the field, and only a small net magnetization
vector arises from tissue containing many hydrogen
nuclei, since almost equal numbers align in opposite
directions at body temperature. The small excess of
nuclei in the parallel state leads to a net magnetization
vector in the direction of the applied field, but at
equilibrium there is no magnetization in the plane
perpendicular to this field because the precession of
individual protons is uncoordinated.

The magnetic resonance signal

If the nuclei are exposed to radiowaves at the resonant
frequency, the net magnetization vector is rotated at an
angle to the applied field depending upon the amount of
energy applied, and the angle is termed the flip angle.
After such a displacement, the net magnetization vector
relaxes back to its former position tracing out a spiral.
Until it reaches this equilibrium position, a component
of magnetization exists perpendicular to the applied
magnetic field. This component can induce a radio signal
at the frequency of precession in an aerial and such a
signal is called the free induction decay. The net mag-
netization vector as it returns to equilibrium can be
described by two components. The component parallel
to the main field returns to equilibrium by interacting
with surrounding molecules. The component perpen-
dicular to the field returns to zero by interaction of the
nuclei with each other and also because of local field
inhomogeneities, and this is more rapid. Both processes
are exponential with time constants T1 (longitudinal
relaxation) and T2 (transverse relaxation). Depending
upon the sequence of radiofrequency pulses used to
disturb the net magnetization vector and the time at
which the magnetic resonance signal is recorded, the
magnitude of signal and hence the contrast in the image
can be made to reflect proton density, T1, T2 or
mixtures of each. If the contrast mainly reflects T2, then
these images are ‘T2 weighted’, etc.

Image formation

Magnetic resonance imaging is the process of localizing
the radio signal from relaxing nuclei and displaying the
signal as an image. Localization is accomplished by
additional magnetic fields applied as gradients super-
imposed upon the externally applied main field. The
gradients vary the field strength along their direction
which means that the nuclei are excited or irradiate at
frequencies depending upon their position.

Images are reconstructed from a number of lines
of data in ‘frequency’ or ‘k’ space as opposed to ‘image’
space. In conventional cardiac magnetic resonance
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imaging, each line is acquired from the same part of
successive cardiac cycles and so ECG triggering of the
acquisition is essential. The number of lines determines
the resolution of the image but also directly influences
the duration of the acquisition. Typically, 256 cardiac
cycles are used in conventional imaging.

Pulse sequences

A pulse sequence is a combination of radiofrequency
pulses and magnetic field gradients. The pulse sequences
most commonly used for the heart are the spin echo and
gradient echo sequences. In the spin echo sequence, the
magnetization vector is tilted by 90° and after a brief
time by another 180°. This second tilt leads to coherence
of the spins and hence to an echo of the free induction
decay signal at a time after the 90° pulse called the
echo time (TE). In the images formed from a spin
echo sequence, moving blood gives no signal and
appears black because it does not experience both radio-
frequency pulses. Other tissues give signal which will
depend on proton density, T1 or T2 according to the
timing of the sequence. Echo times ranging from 20-
40 ms are used most commonly. The longer echo times
have greater contrast between moving blood and other
tissues but lower signal and more motion artefact than
the shorter echo times. Spin echo sequences are routinely
used for multi-slice anatomical imaging.

The gradient echo sequence consists of an initial
radiofrequency pulse tilting the magnetization by a
variable angle usually between 10° and 30°. This is
followed by switching magnetic field gradients, which
dephase and rephase precession of the protons to form
an echo. An advantage of this sequence is images of the
same plane can be acquired at multiple points of the
cardiac cycle, producing a cine acquisition. Because this
sequence can be very short, moving blood gives a high
signal and appears white unless it is turbulent, when
signal may be lost. Conventional gradient echo imaging
acquires one line of the image each cardiac cycle, but
if a number of lines is acquired in rapid succession
overall imaging time is reduced at the expense of a
decrease in temporal resolution. For instance, imaging
time can be reduced to 15-30 s and hence within a single
breath-hold.

Gradient echo sequences have relatively low soft
tissue contrast and they are mainly used for studies of
ventricular or valve function. However, they can also
be adapted to provide high signal from moving blood
and low signal from static tissue, allowing two dimen-
sional or three dimensional magnetic resonance angi-
ography. Turbulent flow leads to loss of signal in the
gradient echo sequence and the technique can be used to
locate assess abnormal jets through valves and other
structures.

Modifications of any sequence allow a grid of
lines of magnetic saturation to be applied to an image,
and this has been termed myocardial tagging. This
provides a tool unique to magnetic resonance and it
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allows three dimensional tracking of myocardial motion
and sophisticated analysis of myocardial strains.

With the development of stronger magnetic gra-
dient systems, several methods of rapid imaging can
now be implemented. Echo planar imaging involves
acquisition of all image lines (in k-space) after a single
excitation. Variants of the technique involve coverage of
k-space in a spiral rather than rectilinear fashion (spiral
echo planar), and segmental coverage of k-space with
several (perhaps eight) excitations to form an image. The
echo planar technique is applicable to both spin echo
and gradient echo sequences and so there is considerable
flexibility in its application. It is however technically
demanding and it is not yet used routinely in cardiac
imaging.

Velocity mapping is a technique that encodes
velocity in a chosen direction in the phase of the
magnetic resonance signal. A quantitative image of
phase can be formed and the pixel values are velocity in
mm . s~ 1. The technique is accurate and flexible with a
wide dynamic range allowing encoding of velocities from
several mm.s ! to at least 10 m.s 1. Integration of
these velocities over a vessel area and over the cardiac
cycle allows flow to be measured, and pressure gradients
formed by discrete jets can be estimated using the
modified Bernoulli equation. The method can be applied
to any sequence but most commonly a cine gradient
echo sequence is used. Appropriate selection of echo
time is important since signal is lost in turbulent jets with
long echo times. Left sided jets in aortic stenosis and
coarctation may require echo times down to 3 ms for
accurate visualization of the jet.

Contrast agents

Specific contrast agents are available for magnetic reso-
nance and these are mainly gadolinium complexes with
similar physiological properties to the iodinated contrast
media used in general radiology. Although natural con-
trast is inherent to the magnetic resonance technique, the
additional flexibility of extrinsic contrast can be valuable
in certain circumstances. These agents act by shortening
T1 or T2 or both. The main uses in cardiac imaging are
to increase contrast between blood and soft tissue for
cine functional imaging or angiography, and to assess
signal within masses such as tumours and cysts. Bolus
injections of contrast can also be combined with rapid
gradient imaging to assess the passage of the contrast
through the myocardium and hence myocardial per-
fusion. This technique is still under investigation.

The scanner

A magnetic resonance scanner consists of five major
components. The magnet, which is usually supercon-
ducting, produces the static magnetic field, which has to
be homogeneous and stable with time, and yet large

enough to contain a human body. Resistive gradient
coils within the bore of the magnet produce the gradi-
ents superimposed upon the main field, and the currents
within these coils are driven by the gradient amplifiers.
The performance of the gradient system determines
the speed of acquisition. A radiofrequency aerial, often
referred to as a transmitter coil, is coupled to a radio-
frequency amplifier to irradiate the patient with the
pulses needed to disturb the magnetization. The same or
different aerials can be used to receive the radio signal,
and surface coils designed to be applied closely to the
part of the body to be imaged are frequently used.

Safety

Magnetic resonance imaging is safe and no long-term ill
effects have been demonstrated. Claustrophobia occurs
in approximately 2% of patients. Very rapidly changing
gradients may induce muscle twitching or effects on the
retina, but clinical systems operate below the threshold
for such effects. Metallic implants such as hip pros-
theses, mechanical heart valves and sternal sutures
present no hazard since the materials used are not
ferromagnetic. Patients with electrical stimulators such a
pacemakers or cardioverter-defibrillators should not be
studied because of the risk of causing arrhythmias from
potentials induced in the endocardial wire and the rapid
rhythms that some pulse generators develop in a rapidly
changing magnetic environment. With appropriate safe-
guards however patients with pacemakers have been
scanned on occasion.

Congenital heart disease

General aspects

Evaluation of congenital heart disease is one of the main
strengths of magnetic resonance (Table 1), but its value
depends upon the age and clinical condition of the
patient. In general, magnetic resonance is more valuable
in the older patient with complex anatomy. Sedation is
required in small children and physiological monitoring
may be difficult in the confines of the magnet in critically
ill infants. Thus, magnetic resonance imaging is usually
performed after transthoracic echocardiography in
neonates and infants. In contrast, body habitus and
interposition of lungs become an increasing problem for
echocardiography in adolescents or adults, or at any age
after surgery. Although some of these problems can be
overcome by using the transoesophageal approach,
expertise in magnetic resonance imaging is desirable in
centres specializing in the care of patients with grown-up
congenital heart disease®®*!,

Cardiac catheterization will not be replaced in
the near future by magnetic resonance imaging, but the
need for diagnostic catheterization and the length and
risks of the examination can be minimized by its use,
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Table 1
congenital heart disease

Indications for magnetic imaging in patients with known or suspected

Indication

Class

General

Evaluation of anatomy and/or function if questions remain after

echocardiography or X-ray angiocardiography
Prior to cardiac catheterization in complex malformations

Follow-up studies when echocardiography does not provide complete |
information and cardiac catheterization is not desirable because information
about pressures and vascular resistance is not the primary concern

Specific
Viscero-atrial situs
Isolated anomalies
Anomalies associated with complex congenital disease

Atria and venous return
Atrial septal defect (secundum and primum)

Anomalous pulmonary venous return, especially in complex anomalies and |

cor triatriatum
Anomalous systemic venous return

baffle repair or correction of anomalous pulmonary venous return |

Atrioventricular valves
Anatomical assessment of mitral and tricuspid valves
Valve function
Ebstein’s anomaly
Atrioventricular septal defect

The ventricles
Isolated ventricular septal defect

Ventricular septal defect with other complex anomalies
Ventricular aneurysms and diverticula
Evaluation of right and left ventricular function

The semilunar valves
Isolated pulmonary valve stenosis and dysplasia
Supravalvular pulmonary stenosis
Pulmonary regurgitation
Isolated aortic valve stenosis
Subaortic stenosis
Supravalvular aortic stenosis

The arteries
Malposition of the great arteries
Postoperative follow-up of shunts
Aortic (sinus Valsalvae) aneurysm
Aortic coarctation
Vascular rings
Patient ductus arteriosus
Aorto-pulmonary window
Coronary artery anomalies in infants
Anomalous origin of coronary arteries in adults
Pulmonary atresia
Central pulmonary stenosis
Peripheral pulmonary stenosis

As catheter-based interventions are used increasingly in
paediatric cardiology, diagnosis should be as complete
as possible before catheterization which then should
become a one stage procedure with completion of diag-
nosis (if necessary) and intervention being performed at
the same time.

Magnetic resonance imaging is generally less
operator dependent than echocardiography, but a thor-
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ough understanding of the anatomical and functional
principles of congenital disease is required for a reliable
study. All parts of the cardiovascular system can be
imaged, a feature which makes magnetic resonance
imaging especially useful in complex cases. For a
complete magnetic resonance examination, both spin
echo and gradient echo series should be performed.
Preferably, spin echo images in the transverse and one
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additional orthogonal plane (sagittal or coronal depend-
ing on the case) should be available. For answering
specific clinical questions, additional oblique sections
may be required. Functional information is provided by
gradient echo sequences, which have to be tailored to the
clinical question. When clinically indicated, the exami-
nation should use velocity mapping to assess flow.

Viscero-atrial situs

The viscero-atrial situs (situs solitus, situs inversus, situs
ambiguus) and malposition of the heart (dextrocardia,
levocardia) are easily identified by conventional diagnos-
tic tools (ECG, X-ray, echocardiography, abdominal
ultrasound). However, in the presence of additional
lesions such as atrio-ventricular discordance, ventriculo-
arterial discordance, anomalous pulmonary or systemic
venous connections, difficulties may arise in defining the
topographic relationship of the major cardiac segments.
Magnetic resonance provides images of the heart which
are easily related to surrounding structures® and thus
it provides reliable and highly accurate diagnoses®.
In patients with complex anomalies, especially in older
ones, magnetic resonance imaging is usually comp-
lementary to echocardiography indicating that it should
be used routinely to maximize non-invasive information
before catheterization.

The veins and atria

Magnetic resonance imaging is potentially valuable in
the detection and quantification of atrial septal defects.
In older patients, the best technique for imaging the
inter-atrial septum is transoesophageal echocardiogra-
phy and magnetic resonance imaging will provide ad-
ditional information in only a few patients. In infants,
however, magnetic resonance imaging may be used
instead of transoesophagel echocardiography following
a transthoracic study. Pulmonary and systemic flow can
be measured more accurately than by any other tech-
nique and so magnetic resonance has a clinical role when
such measurements are important!®,

One limitation of echocardiography is the diffi-
culty of evaluating anomalous pulmonary venous re-
turn, but magnetic resonance imaging appears to be the
best non-invasive technique for thist"=. In particular in
complex cases, magnetic resonance imaging is superior
to conventional imaging techniques since complete dem-
onstration of the pulmonary veins may not be achieved
by echocardiography or by X-ray angiography (sensi-
tivity of magnetic resonance imaging 95%, X-ray
angiography 69%, echocardiography 38%®). Magnetic
resonance imaging may also be indicated to identify
partial anomalous venous return in patients with atrial
septal defects.

When gradient echo sequences are used, mag-
netic resonance imaging successfully reveals the presence

and severity of systemic or pulmonary venous obstruc-
tion, which may occur pre- or post-operatively and may
be difficult to diagnose by echocardiography. Therefore,
a major indication for magnetic resonance imaging is
the postoperative evaluation of patients after intra-atrial
baffle repair in transposition of the great arteries or cor-
rection of anomalous pulmonary venous return!®011,
Moreover, systemic venous anomalies (bi-lateral
superior caval vein, interrupted inferior caval vein) are
correctly identified by magnetic resonance imaging®®*2.

In cor triatriatum, magnetic resonance imaging
may be used if echocardiography is unclear, since
the membrane within the atrium is well demonstrated
as well as anomalous pulmonary venous return if
present(®3],

The atrioventricular valves

In general, real-time echocardiography, especially by the
transoesophageal route, is better suited to show the
anatomy and motion of the atrioventricular valvesi**,
Magnetic resonance imaging may provide additional
information in selected patients™*®, especially in infants
with an atrioventricular canal defect, where the attach-
ment of the superior and inferior bridging leaflets to the
crest of the interventricular septum may be defined more
accurately than by transthoracic echocardiography!®..

Anatomy of the tricuspid valve in Ebstein’s
anomaly is best seen by echocardiography, in adults by
the transoesophageal route. However, in cases of doubt
the three dimensional arrangement of the malformation
and the resulting tricuspid incompetence is well depicted
by magnetic resonance imaging®’8l.

The ventricles

Magnetic resonance imaging is sensitive and specific
for the detection of ventricular septal defects (sensitivity
84%-100%, specificity 95%)F121416.19-21 " Difficulties
may arise with small peri-membranous or muscular
defects if spin echo images are used alone, but cine
gradient echo imaging improves sensitivity by virtue of
its ability to detect and localize abnormal jets®?., As with
an isolated atrial septal defect, magnetic resonance im-
aging usually does not add much information in isolated
ventricular septal defect when the diagnosis is already
established by echocardiography. Magnetic resonance
velocity mapping, however, allows the shunt size to be
determined accurately®®, and this may become in-
creasingly important with the move to rely solely on
information obtained non-invasively before referral for
surgery.

Magnetic resonance imaging has an important
role in demonstrating ventricular anatomy in complex
anomalies such as in tetralogy of Fallot, double out-
let ventricle, pulmonary atresia, tricuspid atresia, and
univentricular hearts®7?2%24 put discrepancies with
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X-ray angiography arise in only a few cases (3-8%)5°!,
Thus, magnetic resonance imaging is often complemen-
tary to echocardiography and both techniques should be
used before catheterization. Follow-up studies by mag-
netic resonance imaging and echocardiography may
reduce the need for invasive investigation in these cases.

Because of its limited field of view, echocardiog-
raphy has limitations in the evaluation of congenital
ventricular aneurysms, particularly if it is necessary to
define the site, size and relationships of congenital
diverticulae®>2®!. Thus, magnetic resonance imaging is
indicated whenever such anomalies are suspected.

Right ventricular function is an important deter-
minant of outcome in may forms of congenital heart
disease, and magnetic resonance imaging has the ability
to measure both right and left ventricular volume and
mass accurately and reproducibly® =Y. This may be
particularly helpful in patients after the Mustard pro-
cedure. The consequences of pulmonary regurgitation
on right and left ventricular function can be evaluated
by combining measurements of ventricular volume and
diastolic function®®2%, Such functional measurements
are likely to have important prognostic and therapeutic
implications for the post-operative management of
patients with congenital heart disease.

The semilunar valves

Congenital stenoses of the semilunar valves are easily
identified by echocardiography, and maximal and mean
gradients can be determined by Doppler ultrasound.
Although cine gradient echo imaging with velocity map-
ping can also detect and quantify stenoses®*3, Doppler
echocardiography is usually adequate. Magnetic reso-
nance imaging may be particularly useful in localizing
stenoses below, at, or above the valve if echocardiogra-
phy fails to give complete information!®®,

Patients with previous pulmonary valve surgery
often have important pulmonary regurgitation, and this
may be difficult to assess by echocardiography. In such
cases, magnetic resonance imaging can aid the decision
on replacement of the valve).

The arteries

Magnetic resonance imaging is an excellent method of
demonstrating the size, position and connections of the
central great arteries?>3¢%_ Similarly, abnormalities of
the thoracic and abdominal aorta can be demonstrated,
including aneurysm, dilation, stenosis, duplication, and
vascular ringst®¢-40-42,
Two-dimensional-echocardiography and Doppler
ultrasound are usually adequate for the diagnosis and
assessment of coarctation, but difficulties may be en-
countered in older children or adults when magnetic
resonance imaging has a clear role, particularly for
diffuse narrowings of the arch. Velocity mapping may be
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helpful for assessing the severity of coarctation either
from the pressure gradient®! or from measurements of
collateral flow**. For follow-up after surgical repair or
angioplasty magnetic resonance imaging is probably the
technique of choice*>7,

Visualization of a patent arterial duct is normally
achieved in infants by echocardiography, but magnetic
resonance imaging has a role in older patients where it
is often better than echocardiography™®. In patients
with a suspected aorto-pulmonary window, magnetic
resonance imaging may be helpful to establish the dif-
ferential diagnosis or to demonstrate the additional
defect!”.

Magnetic resonance imaging can demonstrate
congenital anomalies or inflammatory changes of the
coronary arteries as in Bland-White-Garland syn-
dromel®® or Kawasaki disease’®”. Recent reports indi-
cate that congenital anomalies of the proximal coronary
arteries can be shown reliably in adults®®*?, and the
technigue may even have advantages over X-ray angi-
ography, since the relationship of the arteries to the
aorta and pulmonary artery is an important determinant
of risk in these patients, and this is not always clear
following invasive angiography.

Visualization of the pulmonary artery and its
main branches is essential in the surgical management
of patients with diminished pulmonary blood flow.
Echocardiography is of limited value because of reflec-
tion of the sound beam by the chest wall and lungs.
Similarly, X-ray angiocardiography has its problems;
since it can be dangerous in cyanotic children, small
pulmonary arteries may be difficult to catheterize, and
non-confluent vessels may not be seen even with pul-
monary venous wedge contrast injection. Therefore this
group of patients is particularly suited to magnetic
resonance imaging. Studies of pulmonary atresia, tricus-
pid atresia, tetralogy of Fallot and unilateral pulmonary
artery anomalies have shown very few discrepancies with
X-ray angiocardiography in defining the anatomy of the
central and hilar pulmonary arteries as well as in deter-
mining the sources of pulmonary blood flow?*%3-57_|n
addition, magnetic resonance imaging can reveal un-
detected pulmonary and collateral vessels. A further
major impact of magnetic resonance imaging is in
serial follow-up examinations, where it can show the
shape and size of the pulmonary arteries, the patency
of systemic-to-pulmonary shunts, and extra-cardiac
conduits® %, as well as measure pulmonary flow!162,
Extra-cardiac ventriculo-pulmonary shunts often degen-
erate in the long term, but this is not easy to assess by
echocardiography because of the retro-sternal position
of the graft. Magnetic resonance imaging provides accu-
rate anatomical and functional information and is the
technique of choice for following these patients!®?.

Acquired disease of the great vessels

In addition to congenital heart disease, the clinical value
of magnetic resonance imaging is well documented in
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Table 2
arteries

Indications for magnetic resonance imaging in acquired disease of the great

Indication

Class

Diagnosis of thoracic aortic aneurysm
Diagnosis and follow-up in Marfan disease
Aortic dissection
Diagnosis of acute aortic dissection
Diagnosis of chronic aortic dissection
Diagnosis of aortic intramural haemorrhage
Diagnosis of penetrating atheromatous ulcers of the aorta
Follow-up of acquired aortic disease
Pulmonary artery anatomy
Pulmonary emboli
Diagnosis of central pulmonary emboli
Diagnosis of peripheral pulmonary emboli
Assessment of pulmonary flow and pulmonary hypertension
Assessment of thoracic veins

11
Inv
11

patients with disease of the great vessels, more specifi-
cally with acquired disease of the aorta (Table 2). The
large field of view and the flexibility of imaging planes
provides a clear description of anatomy and of relation-
ships to neighbouring structures. Rapid flow leads to
high contrast between blood and the vessel wall, and
velocity mapping can be used to assess flow both quali-
tatively and quantitatively.

Thoracic aortic aneurysm

Spin echo magnetic resonance imaging depicts the extent
and diameter of fusiform or saccular aneurysms of
whole thoracic aorta, regardless of aetiology®*°¢.. In
conditions such as mycotic pseudo-aneurysm and peri-
valvular pseudo-aneurysm complicating bacterial endo-
carditis, magnetic resonance imaging is more valuable
than transthoracic echocardiography®”:%®. Gradient
echo imaging can be used to detect and characterize
mural thrombus®*"Y, and velocity mapping provides a
measure of associated aortic regurgitation!’?"3. Thin
slice imaging (5 mm) or segmented k-space breath-hold
angiography can be used to identify the involvement of
aortic branches. Three dimensional angiography pro-
vides attractive and easily interpretable images, but its
additional value over simpler techniques is not yet well
defined!.

Marfan’s syndrome

The cardiovascular complications of Marfan’s syndrome
include aortic dilation and dissection, and this is the
main cause of death. X-ray angiography!”®, echocardi-
ography'®, computed X- ray tomography!”™, and mag-
netic resonance imaging®®% have all been used to
image the aorta in Marfan patients, with excellent
agreement between echocardiography and magnetic

resonance imaging for measuring the size of the aortic
rootl®. Aortic distensibility can be measured in both
children®! and adults’®, although the clinical impor-
tance of such measurements is still to be defined. The
technique is valuable for follow-up since aneurysm
expansion and dissection are clearly defined and are
often detected in asymptomatic patients®®4, Thus the
lack of ionising radiation and the ability to visualize the
whole thoracic aorta make magnetic resonance a first
line imaging technique in these patients.

Aortic dissection

There is substantial evidence that magnetic resonance
imaging has the highest accuracy for the detection of
aortic dissection of all imaging techniques®—*7, It not
only identifies the intimal flap and the site of tear, but it
can also demonstrate associated abnormalities such as
thrombus, aortic regurgitation, and pericardial effu-
sion®”l, Although transoesophageal echocardiography is
also sensitive, it has several pitfalls that reduce specifi-
city®). Computed X-ray tomography is also accurate,
but it cannot evaluate functional aspects such as blood
flow, entry jets into the false lumen, and aortic regurgi-
tation. Spiral computed X-ray tomography shortens
imaging time without loss of accuracy™®, but there are
not yet sufficient comparisons with magnetic resonance
imaging to assess their relative clinical roles.

In populations with an intermediate likelihood of
dissection (disease prevalence 10%), the positive predic-
tive value of magnetic resonance imaging, computed
X-ray tomography and transoesophageal echocardiog-
raphy is higher (>90%) than that of X-ray angiography
(65%)'%. Invasive angiography should therefore no
longer be used as a primary investigation, although it
remains valuable for assessment of the coronary arteries
if this is required. Practical aspects such as local exper-
tise and availability of techniques will often determine
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the best order of investigations. The problems of imag-
ing haemodynamically unstable patients by magnetic
resonance favour transoesophageal echocardiography
in this situation, with magnetic resonance imaging or
computed X-ray tomography reserved for equivocal
cases or for a more complete assessment once the patient
is stable. In subacute situations or for chronic follow-
up, magnetic resonance imaging is the technique of
choice!®,

Although aortic intramural haemorrhage was
once considered a separate entity, it is now thought to be
a precursor of dissection. Magnetic resonance imaging
can detect such haemorrhage!®®, and it has been used
to show that the clinical profile and outcome of the
condition is similar to classic dissection, and hence
requires a similar therapeutic approach®! The recogni-
tion of intramural haemorrhage relies on visualizing wall
thickening (>7 mm) with a smooth surface and possibly
containing areas of high signal. The high signal is the
result of methaemoglobin which develops after several
days and persists for several months, although it may be
absent in the acute phase®™. Both computed X-ray
tomography and transoesophageal echocardiography
are alternatives to magnetic resonance imaging®®Y but
X-ray angiography is not useful. Because intramural
haemorrhage of the thoracic aorta may be associated
with true dissection of the abdominal aorta, the latter
should also be evaluated.

Penetrating ulcers and atherosclerotic
disease

Penetrating ulcers are almost always associated with
extensive atherosclerosis of the aorta, primarily affecting
the intima and only secondarily the media. The disease
therefore differs from dissection or intramural hae-
matoma which are diseases of the media, although
symptoms of all three may be similar. Penetrating ulcers
usually arise in the middle and distal third of the
descending thoracic aortal®. Treatment may be surgical
or conservative and close follow-up is required in order
to detect complications. Magnetic resonance imaging is
accurate in making the diagnosis®®, and typical features
include a thickened and irregular wall, an ulcer-shaped
irregularity at a typical site, and haematoma in the
wall of the aorta with high signal intensity caused by
methaemoglobin. Flexible imaging planes and the ability
to image without contrast material are advantages over
computed X-ray tomography, although X-ray tomogra-
phy is able to show displacement of intimal calcification
which can be a helpful diagnostic sign®!. The role
of transoesophageal echocardiography is currently
unknown.

Atherosclerotic plagues thicker than 4 mm in the
aortic arch predict cerebral infarction and other vascular
events®®. Although such plaques can be detected by
magnetic resonance imaging®®, its role in estimating
risk is unknown.
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Postoperative follow-up

All of the above conditions require follow-up whether
treatment is conservative or surgical. The accuracy of
magnetic resonance imaging, its versatility, non-invasive
nature, and lack of necessity for ionizing radiation or
contrast media, make it the method of choice for this
purpose[85'97'98].

Pulmonary artery anatomy

Most pulmonary artery pathology occurs in the setting
of congenital anomalies, which are discussed above.
Dilation, thrombo-embolic involvement, and rare com-
plications such as dissection are well demonstrated by
magnetic resonance imaging!®®°°.

Pulmonary embolism

Early studies suggested a possible role for magnetic
resonance imaging in detecting central pulmonary
embolism™®*-2%31 byt it cannot currently be recom-
mended for routine use and ventilation-perfusion scin-
tigraphy supplemented by X-ray angiography remains
the diagnostic standard. Recent successful studies using
spiral X-ray tomography indicate that this technique is a
useful diagnostic alternative. The value of this cross-
sectional technique, however, suggest that newer mag-
netic resonance techniques may find a role once more
experience has been acquired. These techniques include
magnetic resonance angiography using fast two dimen-
sional time-of-flight gradient echo sequences combined
with maximum intensity projections, and this appears
to be sensitive (92-100%), but only moderate specific
(62%)12°4, Better results have been obtained using
phased-array coils and three dimensional angiogra-
phyli51%81 - or = contrast-enhanced angiography™°”.
Tagging can also be helpful to differentiate thrombo-
embolism from flow related signal'°®!,

Pulmonary hypertension

Flow can be measured accurately by magnetic resonance
velocity mapping in the main and left and right pul-
monary arteriesi®®. The cyclical pattern of flow is
altered by pulmonary hypertension which leads to a
lower peak velocity and greater retrograde flow at the
end of systole™®. Although the significance of these
observations is not fully understood, it may be related to
pulmonary vascular resistance and hence serve as a
method of measuring resistance.

Thoracic veins

The superior and inferior caval veins and their relation-
ship to the right atrium can be visualized by magnetic
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Table 3
disease

Indications for magnetic resonance imaging in patients with valvular heart

Indication

Class

Valve morphology

Associated cardiac chamber morphology
Associated intracardiac thrombus

Associated ventricular or atrial function

Detection and quantification of regurgitation
Detection and quantification of stenosis

Detection of infective endocarditis and vegetations
Detection of paravalvular abscess

Assessment of prosthetic valves

v
11
11
11

resonance imaging, and this has been useful for assessing
thrombus and invasion or compression by tumour!*l,
In addition, flow measurements using velocity mapping
have shown altered patterns in pulmonary hyperten-
sion, pericardial constriction, and tricuspid regurgi-
tation**2113, pylmonary venous flow has been used to
assess diastolic left ventricular filling and the severity of
mitral regurgitation**4,

Valvular heart disease

Normal heart valves are thin, rapidly moving structures
and they are poorly seen in spin echo images. Abnormal
valves are more easily seen because they are thicker and
they may be less mobile. Occasionally it is possible to
obtain diagnostic information from spin echo images
but cine gradient echo imaging is more informative.
Valve calcification may lead to loss of signal but the
absence of this sign cannot rule it out.

Regurgitation

The measurement of regurgitation is an important but
difficult aspect of the assessment of valvular disease. The
need for intervention is determined partly by the severity
of symptoms, but other measurements such as the
severity of regurgitation and ventricular function are
important. Echocardiography and radionuclide ven-
triculography are commonly used to assess left ventricu-
lar function, but quantification of the regurgitation is
often felt to require invasive studies with left ventricular
cine X-ray angiography. Magnetic resonance imaging
has the potential to help in several ways (Table 3).

The signal intensity of flowing blood during cine
gradient echo imaging depends upon the nature of the
flow. In general, flowing blood generates uniform high
signal because of continuous replacement of magneti-
cally saturated blood by fresh blood. Turbulence leads
to loss of signal and so the turbulent jet of mitral
regurgitation can be seen in the left atrium[**®), The size
of the signal void can be used as a semi-quantitative
measure of regurgitation™'® but the signal void does not
necessarily correspond to the area of turbulence, and

that it will vary with imaging parameters such as echo
time. This is similar to colour flow Doppler where
technical factors such as gain adjustment and filter
setting are important™”. A more fundamental problem
common to both is that the size of the regurgitant jet is
influenced by many factors in addition to the severity of
regurgitation, such as the shape and size of the regur-
gitant orifice and the size of the receiving chamber.

There is a correlation between the angiographic
grading of mitral regurgitation and the length and area
of the regurgitant jet imaged by Doppler echocadiogra-
phy. A similar correlation exists between colour Doppler
and cine magnetic resonance although magnetic reso-
nance shows a smaller area of flow disturbance**®!, This
may be the result of different imaging planes or the fact
that the techniques use different physical principles. A
potential advantage of magnetic resonance is that it is
able to sample a complete three dimensional volume and
SO may provide a more accurate assessment of the
volume occupied by the regurgitant jet.

If only a single valve is regurgitant, comparison
of left and right ventricular stroke volumes allows the
regurgitant fraction to be calculated as described above.
If single valves on both sides of the heart are regurgitant,
the method can be extended by comparing ventricular
stroke volumes with great vessel flow measured by
magnetic resonance velocity mapping. The regurgitant
fraction then compares well with the regurgitant grade
assessed by Doppler echocardiography®®”. The method
still fails if both valves on one side of the heart are
regurgitant, but flow studies in the proximal aorta (or
pulmonary artery) can be used to measure aortic (or
pulmonary) regurgitation alone from the amount of
retrograde diastolic flow in the arteryl”, and it is then
possible to assess even the most complex cases.

Stenosis

As with regurgitant jets proximal to a valve, a turbulent
distal jet can be used to detect potential stenosis.
Although the size of the region of signal loss is related to
the pressure gradient across a lesion, it has not proved
simple to use this as a measure of stenosis because other
factors can lead to turbulence and signal loss without
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Table 4

Indications for magnetic resonance imaging in patients with pericardial

disease, cardiac tumours, cardiomyopathies, and cardiac transplants

Indication

Class

Pericardial effusion
Constrictive pericarditis
Detection and characterization of cardiac tumours
Hypertrophic cardiomyopathy
Dilated cardiomyopathy
Arrhythmogenic right ventricular dysplasia
Restrictive cardiomyopathy
Post-cardiac transplantation
Acute rejection
Chronic rejection
Other complications

stenosis. For instance, it is not uncommon to see turbu-
lence distal to a rheumatic valve that is not stenosed
because of the disturbed flow across it. The degree to
which this signal loss is seen depends to a large extent
upon the echo time of the gradient echo sequence used.
Short echo times are less susceptible to signal loss.
Despite these problems, the technique has been used
successfully in the follow-up of patients after balloon
mitral valvuloplasty™*®. The modified Bernoulli equa-
tion makes a number of assumptions which when valid
allows the pressure gradient across a stenosis to be
calculated from the peak velocity. The method is widely
used in Doppler ultrasound and it can be applied in the
same way to velocity measurements made by magnetic
resonance. A sequence with a short echo time is import-
ant in order to avoid loss of signal from areas of
turbulence. The technique is accurate both in vitro and
in vivo*® and a close agreement between magnetic
resonance and Doppler measurements has been demon-
strated in patients with mitral and aortic stenosis and
with stenoses of conduits and great vessels®>%%,

An advantage of magnetic resonance over
Doppler measurements of peak velocity is that the
magnetic resonance technique allows velocities in any
direction to be measured without the limitation of
acoustic windows and the requirement to align a beam
along the direction of a jet. Provided that an appropriate
velocity sensitivity is used during the acquisition aliasing
does not occur, although if the anticipated velocity is
underestimated this can be a problem. The resolution
allows unambiguous distinction between the jets of
mitral stenosis and aortic regurgitation. A disadvantage
of magnetic resonance is that it is not yet real time and
so careful alignment of the imaging plane is required in
order to obtain an accurate measurement.

Prosthetic valves

Patients with prosthetic valves are commonly encoun-
tered but prostheses are not visualized because the alloy
from which they are made contains no mobile hydrogen
atoms and so does not give a magnetic resonance signal.
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There is distortion of the applied magnetic field by the
difference of susceptibility between prosthesis and bio-
logical tissue and by eddy currents induced in the valve,
and this leads to loss of signal from tissues for a variable
distance around the prosthesis. This distance is small for
spin echo images and neighbouring structures are seen
normally, but the defect in the image is much larger in
gradient echo images making it difficult to assess turbu-
lent jets in the region of the valve. Metal valves are
not ferromagnetic, however, and at currently available
magnetic field strengths there is no effect of the field
upon the working of the valve??%:122,

Cardiomyopathies and transplantation

Cardiomyopathy describes a number of conditions with
either primary or secondary myocardial involvement.
Magnetic resonance imaging has the potential to identify
and differentiate the cardiomyopathies and it is also
useful in secondary myocardial hypertrophy (Table 4).

Hypertrophic cardiomyopathy

Two dimensional and Doppler echocardiography are
common methods of diagnosing and assessing function
in hypertrophic cardiomyopathy2%124! but they do not
provide complete information in all cases, particularly in
cases with localized apical hypertrophy*?!. In contrast,
spin echo magnetic resonance imaging provides reliable
images of the whole myocardium and gives a three-
dimensional assessment of regional hypertrophy. Cine
gradient echo imaging and velocity mapping also
provide functional measurementsi*?6-1%8 including a
measure of outflow tract gradient, if present, but mag-
netic resonance imaging has not been shown to be better
than Doppler echocardiography for this parameter.
Magnetic tagging demonstrates regional myocardial
motion and strain in a unique fashion™®®, Thus, mag-
netic resonance imaging is a second line technique in
hypertrophic cardiomyopathy if echocardiography does
not provide complete information.
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Secondary hypertrophy

Measurements of myocardial mass have been validated
in animals™°-2%2 and in humans®**3*4 and magnetic
resonance imaging is now the standard against which
other techniques are judged. Increased muscle volume
(and hence mass) can be observed in athletes and
patients with left ventricular hypertrophy, and the
regression of hypertrophy following treatment of
hypertension can be monitored™=®.,

Dilated cardiomyopathy

The anatomical and functional abnormalities of dilated
cardiomyopathy are clearly demonstrated and measured
by magnetic resonance imaging. The appearance is,
however, non-specific and it is not possible to distinguish
dilated cardiomyopathy from other causes of left ven-
tricular dysfunction such as ischaemic heart disease.
Advantages over echocardiography include better depic-
tion of the right ventricle®™® and low variability of
functional measurements™”, but echocardiography
normally provides adequate clinical information, and
the role of magnetic resonance is mainly in quantifying
the effects of therapy!*®®!

Arrhythmogenic right ventricular dysplasia

Magnetic resonance imaging is probably the best imag-
ing technique for demonstrating structural and func-
tional abnormalities of the right ventricle. Global and
regional abnormalities can be seen in arrhythmogenic
right ventricular dysplasia and also in patients with
right ventricular tachycardia who do not have ab-
normalities on other imaging techniques**®24%, These
abnormalities include regional thinning, failure of systo-
lic thickening, ventricular dilation, impaired global
systolic and diastolic function, and areas of high signal
intensity within the myocardium which indicate fatty
infiltration*4*421,

Restrictive cardiomyopathy

Magnetic resonance imaging can show anatomical and
functional abnormalities associated with restrictive car-
diomyopathy**¥!, although echocardiography remains
the initial diagnostic tool in patients with unexplained
symptoms of right and/or left ventricular failure. The
main contribution of the technique is the straightfor-
ward and accurate differentiation of restrictive cardio-
myopathy from constrictive pericarditis by virtue of
visualization of the abnormal pericardium in the latter
condition in spin echo images®**¥. Cine gradient echo
imaging to assess the functional consequences of
both diseases may be helpful in patients with limited

ultrasonic windows. Computed X-ray tomography (con-
ventional, spiral or electron beam) may have similar
accuracy in making this distinction.

Cardiac transplantation

Imaging may play a role in solving two common clinical
problems in patients after heart transplantation. First,
the early detection of acute episodes of rejection and
second, the identification of accelerated coronary artery
disease commonly considered as chronic rejection.

Acute rejection is characterized on spin echo
images as an increase in myocardial massi***! and areas
of high myocardial signal**®!, which indicate myocardial
oedema and/or infiltration by mononuclear cells.
Changes in relaxation times and regional functional
abnormalities may also be observed, but none of these
abnormalities is sensitive for detecting early acute rejec-
tion. Similarly, magnetic resonance imaging is not help-
ful in chronic rejection, although it may reveal other
complications of transplantation such as pericardial
disease or intracavitary masses™**,

Cardiac tumours

Echocardiography, especially using the transoesopha-
geal approach, is well suited to detecting and localizing
tumours and it may provide complete information on
origin, extent, and resectability. Magnetic resonance
imaging is, however, valuable as a secondary technique
to confirm or exclude the diagnosis when echocardiog-
raphy gives incomplete information*” (Table 4). Im-
portant information provided includes the relationship
and involvement of surrounding structures such as ad-
jacent vessels and mediastinal structures**®, Pericardial
involvement is shown more clearly by magnetic reso-
nance imaging than by echocardiography™*°!, and it may
be particularly helpful in planning surgery™*l.

Some features of the images allow limited tissue
characterization but a definitive distinction between
malignant or benign masses can only rarely be made.
High signal intensity on T1 images may represent fatty
tumours such as lipoma or liposarcoma, recent haemor-
rhage, cystic lesions with high protein content, or
melanoma. Low signal intensity may represent a cyst
with low protein content, signal loss in a vascular
malformation, calcium, or air®™®. On T2 images, cysts
have high signal intensity irrespective of protein content.
Solid tumours increase in signal with following injection
of contrast, but cysts are unchanged.

Pericardial disease

Both magnetic resonance imaging and computed X-ray
tomography are well suited to imaging the pericardium,
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Table 5 Indications for magnetic resonance imaging in patients with coronary artery
disease
Indication Class
Assessment of myocardial function i
Detection of coronary artery disease
Analysis of regional left ventricular function during stress i
Assessment of myocardial perfusion Inv
Coronary angiography Inv
Bypass graft angiography i
Assessment of coronary flow Inv
Detection and quantification of acute myocardial infarcts v

Sequelae of myocardial infarction
Myocardial viability
Ventricular septal defect
Mitral regurgitation
Intraventricular thrombus

but magnetic resonance is also able to quantify associ-
ated functional abnormalitiesi**? (Table 4). Both tech-
niques have a much larger field of view than
echocardiography, but echocardiography remains the
usual initial technique because of its simplicity and
availability.

Pericardial effusion

Gradient echo images normally show pericardial fluid
with high signal because of motion related enhancement
caused by cardiac pulsation. T1 spin echo images show
pericardial fluid with variable signal depending upon the
content and the motion of the fluid**Y. Transudates
normally have relatively low signal intensity, whereas
exudates and subacute and chronic haemorrhagic effu-
sions have high signal. Imaging is particularly helpful
in patients with loculated or complex configurations
of effusions which may be difficult to localize by echo-
cardiography. As in other conditions, magnetic reso-
nance imaging can be helpful whenever there is doubt
following echocardiography.

Constrictive pericarditis

The characteristic appearance of constrictive pericardial
disease is pericardial thickening, an elongated and
narrow right ventricle, a sigmoid shaped septum with
abnormal motion, enlargement of the right atrium and
inferior caval vein, and stagnant blood in the atria.
Pericardial thickening is the hallmark of constriction,
although rare cases without thickening have been de-
scribed*4. All of these changes are readily seen using
spin echo imaging®*****? and the positive predictive
accuracy of the technique in one study was 100944,
Calcification is more easily identified by computed X-ray
tomography, although large deposits of calcium can be
seen by magnetic resonance as areas of low signal.
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Calcification is less commonly a diagnostic feature in
recent years*>3 and so this is not a major disadvantage.
Magnetic resonance imaging and computed X-ray tom-
ography are better than echocardiography in measuring
pericardial thickness, but magnetic resonance has the
advantage of permitting assessment of haemodynamic
impairment. Velocity mapping may be helpful in assess-
ing haemodynamics since there is attenuation of the
diastolic peak of flow in the caval veins with any cause
of impaired right ventricular filling*>?. Because com-
puted X-ray tomography does not require ECG trigger-
ing and because imaging time is shorter, it may be
preferred in sick patients or in those with arrhythmias.

Congenital pericardial anomalies

Pericardial cysts can be distinguished from other tu-
mours by their characteristic low signal in T1 weighted
images and high signal in T2 images. However, differen-
tiation from a necrotic or cystic mediastinal tumour can
be difficult.

Absence of the pericardium is associated with a
leftward shift of the long axis of the left ventricle. Partial
absence may lead to a localized protrusion, although the
defect itself may be difficult to see!*®!.

Coronary artery disease

Magnetic resonance imaging can contribute to the as-
sessment of patients with coronary artery disease in a
number of ways, although coronary and myocardial
perfusion imaging have not reached the stage where they
can be useful in routine practice. The most useful area is
in the assessment of myocardial thickness and thicken-
ing, particularly for assessing myocardial viability and
hibernation (Table 5).
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Ventricular function

Magnetic resonance imaging appears to be the most
accurate technique for assessing left ventricular
mass!130:131:156.1571 - Although spin echo images depict the
endocardial boundary more clearly, cine gradient echo
imaging is faster and equally accurate in practice!*®!,
Because the technique makes few assumptions about
ventricular geometry it is particulary useful in irregular
ventricles such as after infarction™*, Left and right
ventricular volumes™®-263 left ventricular ejection frac-
tion[*®2163 and regional left™®*-25") and right ventricular
function®8%! can all be assessed. Reproducibility is
excellent!*33137.188.170.171] Thys magnetic resonance im-
aging should be considered whenever accurate measure-
ments are required, such as in monitoring therapy. In
clinical practice, regional and global function is often
estimated visually and without quantification from the
computer screen.

Mpyocardial tagging is a technique unique to
magnetic resonance imaging™">*"® and it can be used to
measure regional strain, motion and thickening with
sufficient spatial resolution to distinguish endocardial
and epicardial function*’**"%. It has proved a valuable
research tool but it is not commonly used in routine
practice.

Detection of coronary artery disease

Stress imaging of left ventricular function

Several approaches to detecting flow limiting coronary
stenoses have been described. Cine gradient echo imag-
ing can be used to assess regional ventricular function at
rest and during a number of interventions. Dynamic
exercise is difficult within the confines of a magnet and it
leads to unacceptable motion artefact. As with echocar-
diography, dobutamine appears to be more appropriate
than dipyridamole for pharmacological stress because it
more consistently provokes ischaemia rather than per-
fusion inhomogeneity™>”"*"8, The diagnostic accuracy of
this approach is between 75% and 90% depending on the
number of diseased vessels*®%82 and this can be
improved by quantification especially in patients with
single vessel disease!*®®. To date, there are no compari-
sons of stress magnetic resonance imaging and stress
echocardiography but the techniques are similar in
principle, if different in the quality of myocardial images
obtained.

Mpyocardial perfusion imaging

Magnetic resonance is able to assess myocardial per-
fusion at rest and during pharmacological stress in a
research setting™®¥. Rapid imaging with acquisition
once each cardiac cycle allows the myocardial transit
of a bolus of contrast to be observed and parameters
related to myocardial perfusion to be derived™®-187],
The typical pattern in a territory served by a diseased

artery is delayed and attenuated appearance of con-
trast!!®181 - Comparisons with myocardial perfusion
scintigraphy are, however, limited and it is not clear how
robust the technique will prove in clinical practice. One
important limitation that is being addressed is the
limited coverage of the ventricle that can be obtained in
a single study, but multi-slice perfusion studies may
be possible.

Coronary angiography

Probably the most important approach to detecting
coronary disease is magnetic resonance coronary arteri-
ography, since a successful non-invasive technique
would transform assessment of the patient with known
or suspected coronary disease. Magnetic resonance
angiography is already used routinely in many centres
for the carotid and intracerebral arteries, for aortogra-
phy and for the ileo-femoral system. Imaging of the
coronary arteries is, however, much more demanding
because of their size, complex three dimensional
anatomy, and rapid motion.

Rapid gradient echo imaging within a single
breath-hold was the first technique to provide prom-
isel®and sensitivities for proximal stenoses range
from 63%*°% to 90%M1°Y with best results for the left
main coronary artery*®?, Spatial resolution, signal loss
from turbulence and other artefact, and the inability to
evaluate the distal coronary tree currently limit clinical
application to the assessment of anomalous coronary
arteries and other special circumstances, but several
developments may overcome these limitations. These
include more powerful gradients for rapid imaging,
better surface coils, and real time tracking of diaphrag-
matic motion in order to avoid the need for breath
holding!®3-1%!, Similar principles can be used to image
coronary bypass grafts. Using both spin echo°¢1*" and
gradient echo imaging™°° accuracies of around 90%
for predicting graft patency have been reported. How-
ever, anastomotic stenoses or progression of native
vessel disease are not easy to demonstrate reliably.
Measurement of graft flow is possible and this obviously
provides more important information than patency
alone[200—202].

Further development of all of these techniques
and comparative evaluation alongside computed X-ray
tomography of the coronary arteries can be expected in
the coming years.

Coronary flow

A further approach to detecting and characterising
coronary stenosis is the measurement of coronary vel-
ocity and flow[?°3-2%€1, Using rapid gradient echo velocity
mapping coronary flow velocities can be measured
at rest and after maximal coronary dilation with adeno-
sine, and good agreement has been demonstrated
with invasive measurements in animals®®”? and in
humans?®®. In theory, it should be possible to measure
coronary flow reserve and preliminary results are
encouraging.
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Acute myocardial ischaemia and infarction

Areas of acute ischaemia and infarction develop high
signal intensity on T2 weighted spin echo images?°®-2%2],
and regional myocardial thinning is the most specific
feature of acute necrosis?**2'%1. Paramagnetic contrast
agents may help in the detection and sizing of
infarction[?¥5-218 However, the difficulties of imaging
acutely ill patients means that these techniques have no
role in assessment of acute infarction.

Magnetic resonance imaging may be helpful in
detecting the short and long-term sequelae of acute
infarction. For instance, regional thinning is indicative
of infarction and in the long term severe thinning
indicates transmural scar?*®!. Assessment of myocardial
thickness and thickening are therefore finding a role
in the assessment of myocardial viability and hiberna-
tion. There is a correlation between these parameters
and uptake of 18F-fluorodeoxyglucose assessed by
positron emission tomography??°221l, In addition, in
akinetic regions, improvement in response to low dose
dobutamine infusion also indicates viability and likely
hibernationf®?",

Complications of acute infarction such as
aneurysmi®, ventricular septal defect?®, and mitral
regurgitation are readily demonstrated. Because
echocardiography can give misleading results when
looking for ventricular thrombus after infarction/???,
magnetic resonance imaging may be warranted when
investigating embolic complications®*®**2%, It also
has advantages over other techniques in identifying
pseudoaneurysms of the left ventricle?24!.

Magnetic resonance spectroscopy

The signal source for magnetic resonance imaging is
exclusively the *H nucleus, more specifically the abun-
dant *H nuclei in water (H,O) and fat (CH, and CH,
groups). Magnetic resonance spectroscopy also involves
other nuclei with a net nuclear spin such as *P. An
important problem for spectroscopy is its low sensitivity,
since all nuclei other than *H have a substantially lower
magnetic resonance sensitivity and are present in con-
centrations orders of magnitude lower than *H in water
and fat.

31p spectroscopy allows high energy phosphate
metabolism to be investigated and it therefore provides a
non-invasive estimate of the energetic state of the heart.
Six resonances can be identified in the myocardium: the
three 3P atoms of ATP (a, S, ¥) phosphocreatine (PCr),
inorganic phosphate (Pi) and monophosphate esters
(MPE). Each of these resonates at a different frequency
by virtue of their chemical environments and so each
appears with a different ‘chemical shift’, expressed in
parts per million relative to the main magnetic field. The
area under each resonance is proportional to the amount
of signal and hence to the amount of the nucleus.
Absolute concentrations can be evaluated by acquiring
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spectra with a known external standard. In addition,
intracellular pH can be measured from the chemical shift
difference between PCr and Pi.

Clinical magnetic resonance spectroscopy faces a
number of problems, such as long examination time,
cardiac and respiratory motion, localization of signal,
low sensitivity and hence a large voxel size (currently
approximately 30 cc), and the difficulties of measuring
absolute concentrations of metabolities. Higher fields
strengths??®), improvements in hardware and software
and the nuclear Overhauser effect may allow some of
these obstacles to be overcome. If so, we can anticipate
true three-dimensional metabolic imaging with voxel
sizes of less than 5 cc.

Almost without exception, human cardiac spec-
troscopy has been confined to the 3P nucleus. Although
it has contributed to our understanding of cardiac
patho-physiology it remains a research technique with-
out a validated clinical role. At present, cardiac®P
spectroscopy has been applied in three main areas®?®,

Coronary artery disease

In patients with left anterior descending stenosis and a
reversible thallium perfusion defect, the anterior myo-
cardial PCr/ATP ratio is normal at rest®, but it
decreases during isometric exercise and returns towards
normal after exercise!®?®. In areas with fixed thallium
defects PCr/ATP is reduced at rest and it does not
decrease with exercisel®®. Measurement of absolute
concentrations of PCr and ATP has recently been re-
ported®®%. ATP at rest is reduced in patients with fixed
thallium defects but unchanged in those with reversible
defects. This suggests that these measurements may be
useful for the assessment of myocardial metabolism and
viability after myocardial infarction.

Heart failure

The PCr/ATP ratio is reduced in patients with advanced
heart failure of ischaemic®®t) and non-ischaemic ori-
gin??, but it may be unchanged in the early
stages??"2%2, The reduction correlates with the clinical
severity of heart failure, and it improves with medical
treatment®?,  Thus, 3'P-magnetic resonance may
provide an objective index of the severity of heart fail-
ure and it may allow treatment and progression of
disease to be monitored. The ratio may also be related to
prognosis?3l,

Valve disease

In patients with aortic and mitral valve disease the
PCr/ATP ratio is unchanged in mild stenosis and
incompetence, but it is reduced with the onset of
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heart failur

ol233].

Further studies are required to

assess whether this might be helpful in timing valve
replacement.
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