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MR IMAGING OF CHD AT 0.3 T

ABSTRACT

Non-invasive diagnosis of congenital heart disease
has been a general aim since echocardiography was
introduced. MR imaging is the most recent non-
invasive modality with an enormous impact on neu-
roradiology and musculoskeletal radiology. It is also
well suited for cardiovascular imaging. Being non-
invasive and without ionizing radiation, it offers cer-
tain advantages for children.

The aim of this study was to systematically evaluate
the potential of static MR imaging in congenital
heart disease. As low field equipment was first avail-
able, and continues to be used, the experience with
this type of imager is reported.

Accurate parameter setting is of the greatest impor-
tance for efficient cardiac scanning. In small experi-
mental animals, we found ECG gating and number
of excitations most important for image quality.

Surface coil performance is crucial, especially at
low field strength. A new half-elliptical coil concept
is presented and compared in vitro with standard
surface coils. For the upper thorax the experimental
coil compared well with standard coils.

The diagnosis of vascular rings, causing significant
respiratory morbidity, previously required invasive
methods for diagnosis. In aberrent left pulmonary
artery, an uncommon anomaly, MR imaging at 0.3 T
provided complete anatomic information.

Complex congenital heart malformation is a diag-
nostic challenge. We found MR imaging at 0.3 T
efficient in defining most of the components of com-
plex disease. It is especially valuable for evaluation
of extracardiac structures, often involved in complex
malformations. Outside the heart itself, echo-Dop-
pler penetration sometimes is affected by artifacts
from bone, air-filled lung or scar tissue, especially in
older children. MR imaging has none of these draw-
backs and therefore is a good non-invasive comple-
ment.

Many surgical procedures used in congenital heart
disease affect the pulmonary vascular supply. Non-
invasive methods are especially important in
repeated postoperative monitoring. MR at 0.3 T was
efficient in evaluating the non-valvular parts of cen-
tral lung vessels.

MR imaging is an important complement to
echocardiography.The development of both hard-
ware and software is very fast. Improved equipment
with sophisticated dynamic applications using high
magnetic field strength is now available. For several
reasons this equipment will not be used universally.
Low field magnets will certainly be used even in the
future. We believe it is important to be able to dem-
onstrate cardiovascular anomalies also with this type
of equipment. Also its limitations should be pointed
out.
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ABBREVIATIONS

ACG Angiocardiography PA-stenosis
AP-shunt Aortopulmonary shunt PAtr
AS Aortic valve stenosis PDA
ASD Atrial septal defect PPV
ASVR Anomalous systemic venous return PS
AV-canal Atrioventricular canal
CHD Congenital heart disease RA
CoA Coarctation of the aorta RAA
CS Coronary sinus RF
CT Computed tomography RPV
Dextroc Dextrocardia SVC
DOV Double outlet ventricle (right or left) SE
ECG Electrocardiography S/N
Echo-Doppler Echocardiography with Doppler SV
HV Hepatic vein(s) T
IVC Inferior vena cava TA
Innom Innominate vein TAPVR
Isom Atrial isomerism
LA Left atrium TE
LPV Left pulmonary vein(s) TEE
MR Magnetic resonance TGA
MRA Magnetic resonance angiography TOP
NEX Number of excitations TR
NPV Negative predictive value Truncus
PAPVR Partial anomalous pulmonary VCSS

venous return VSD

Pulmonary artery stenosis
Pulmonic atresia
Persistent ductus arteriosus
Positive predictive value
Pulmonic stenosis (valvular or sub-
valvular)
Right atrium
Right-sided aortic arch
Radio frequency
Right pulmonary vein(s)
Superior vena cava
Spin-echo
Signal-to-noise
Single ventricle
Tesla
Tricuspid valve atresia
Total anomalous pulmonary venous
return
Echo time
Transesophageal echocardiography
Transposition of the great arteries
Tetralogy of Fallot
Repetition time
Truncus arteriosus
Vena cava superior sinister
Ventricular septal defect
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INTRODUCTION

CONGENITAL HEART DISEASE

The incidence of congenital heart disease (CHD) is
known to be approximately 1 % of all births through-
out the world (1). In Sweden about 1000 children are
born annually with CHD. Some of them do not
require any specific medical or surgical treatment,
e.g. small atrial septal defects (ASD) or small ven-
tricular septal defects (VSD) which tend to decrease
spontaneously. The rest require surgical and/or med-
ical treatment. In Sweden a total of 700-750 opera-
tions at CHD are carried out annually. Average
relative frequencies of the most common anomalies
from several reports are shown in table 1(2).

Table 1
Relative frequencies of the most common congenital heart
defects

Ventricular septal defect, all types 29%
(VSD)

Pulmonic valve stenosis (PS) 9%

Patent ductus arteriosus (PDA) 8%

Atrial septal defect, secundum (ASD) 7%

Tetralogy of Fallot (TOP) 6%

Aortic valve stenosis (AS) 5%

Coarctation of the aorta (CoA) 5%

Transposition of the great arteries 4%
(TGA)

Atrioventricular septal defect 4%
(AV-CP,nal)

Others 23%

Total 100%

The clinical presentation is of course dependent
upon the lesion. The left -to-right shunts (e.g. ASD,
VSD, PDA) produce little symptoms unless large or
combined. When the shunt is large, pulmonary
hypertension and heart failure may develop. When a
right-to-left shunt (e.g. TOP) is present, cyanosis

develops because of passage of deoxygenated blood
to the systemic circulation. Early onset of cyanosis
is consistent with TGA. Stenotic lesions (e.g. AS,
CoA) give little symptoms unless severe or com-
bined with other lesions, when heart failure may
develop. Prematurity will increase the risk of heart
failure. The preductal (infantile) CoA will give early
symptoms at ductal closure, since widened collater-
als to the descending aorta are lacking.

IMAGING MODALITIES

Chest X-ray

Chest X-ray is the quantitatively most important
radiologic modality in diagnosing CHD (3). Radiog-
raphy is easily available, however not very specific.
Sometimes it indicates the presence of CHD and ini-
tiates further studies. At chest X-ray it is possible to
roughly estimate heart size, over- or underperfusion
of the lungs (wide or narrow lung vessels respec-
tively) and cardiac failure (pulmonary edema). A
visible increase in lung vessel size usually means a
left-to-right shunt of at least 2:1. Sometimes the car-
diac configuration is typical of a specific anomaly,
e.g. TOP, where the heart apex is displaced cranially.
Valuable information about the aorta, the trachea
and the lung parenchyma is also present. If the
esophagus is contrast-filled, valuable information
of mediastinal structures, e.g. anomalous vessels,
can be obtained. The heart may however have a nor-
mal appearance on conventional chest X-ray even in
cases with complex CHD, so the diagnosis usually
must be based on several other methods (4).

Angiocardiography (ACG)

Cardiac catheterization and ACG have been consid-
ered the diagnostic "gold standard". In addition to
providing image information, pressure gradients and
oxygen saturation values can be measured at differ-
ent locations. This information is difficult or impos-
sible to obtain using non-invasive methods.
Furthermore the increasing number of interventional
procedures, such as balloon dilatation and emboliza-
tion procedures, can be carried out at ACG (5,6,7).
ACG is however invasive and sedation or general
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anesthesia is usually required in younger children.
Although the incidence of adverse contrast media
reactions has decreased with modern low osmolar
agents (8), ACC still carries certain risks of vessel
injuries, thromboembolism and arrhytmias (9,10).
As it is a projectional imaging technique, superim-
position of cardiac structures can be a problem in
complex cases.

Echocardiography and Doppler
(Echo-Doppler)

The development of non-invasive imaging modali-
ties has reduced the need of invasive diagnostic stud-
ies. In a report of 100 CHD operations after echocar-
diographic diagnosis but without ACG, no signifi-
cant difference in surgical mortality was noticeable
compared with a matched control group (11). The
introduction of echocardiography has had a tremen-
dous impact on pediatric cardiology in the last two
decades (12,13,14,15). Being readily available and
safe, the method is very attractive. Two-dimensional
imaging with the more recent addition of various
forms of Doppler (pulsed/continous wave Doppler,
color flow mapping) provides both morphological
and physiological information (16,17). Doppler
measurements of peak transvalvular velocities can
be translated into pressure gradients using the modi-
fied Bemouilli equation. At the spectral analysis of
the Doppler signal, a small angle between the ultra-
sound beam and the drection of flow is necessary.
With a larger angle underestimation of the velocity
will occur. Colour flow mapping is extremely sensi-
tive in detecting flow abnormalities and provides
semi-quantitative information.

Echo-Doppler has reduced the need of preoperative
catheterization and repeated postoperative follow-up
can be performed non-invasively. The technique is
widely available and also suitable for bedside evalu-
ation. A complete echocardiographic examination
takes between 20 and 40 minures; young toddlers
often need sedation. A limitation of the method is
loss of penetration due to bone or air-filled lung. In
older patients penetration problems in the "far field"
may also occur. Trans-esophageal echocardiography
(TEE) may obtain better images In these cases, since
it is not as susceptible to acoustic interference. Its
semiinvasive nature is however a limitation in gen-
eral diagnostic use. Younger children have less

restricted acoustic windows and can usually be ade-
quately examined by the conventional transthoracic
approach.

It should also be mentioned that prenatal diagnosis
of congenital heart disease is possible using ulrra-
sonography.

MR imaging

MR imaging is the latest contribution to non-inva-
sive imaging in CHD. The phenomenon of radiofre-
quency-induced resonance of hydrogen nuclei in a
magnetic field has been known for 50 years.
Nuclear magnetic resonance is still used as a very
powerful analythical method in chemistry. The use
of MR as an imaging modality began about 30 years
later, when computors powerful enough became
available. An entirely new imaging modality was
introduced and the diagnostic potentials were soon
appreciated. Over the pas; several years the method
has developed into a very powerful diagnostic tech-
nique in medicine.

The physics necessary for image interpretation in
MR imaging is more complex than for any other
radiological modality. Except for physicists, classi-
cal explanations and not quantum mechanical terms
must be used. Comprehendable reviews including
basic physics and diagnostic perspectives are availa-
ble (18,19). It is well known that atomic nuclei with
an odd number of protons and/or neutrons, e g the
hydrogen nuclei of which the body contains quite a
few, act as very small bar magnets. In the absence of
a magnetic field they are randomly orientated. When
exposed to the strong static magnetic field in the
MR-scanner, they line up with it. When a radio sig-
nal (RF-signal) of a specific frequency (the reso-
nance frequency) acts on the nuclei, this alignment
is disturbed. When the RF signal has been turned
off, the magnetic nuclei can induce a voltage in a
reciever coil (surface coil) when returning to steady-
state.

Gradients in the magnetic field along the spatial
coordinates creates small differences in the reso-
nance frequency, making it possible to discriminate
signals from different locations.The spatial discrimi-
nation of signals makes tomographic two-dimen-
sional imaging possible, as in echocardiography and
CT. In a transverse imaging plane, the x and y coor-
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dinates of a picture element are derived from phase
and frequency properties, generated by the orthogo-
nal magnetic gradients, of the hydrogen nuclei.

The reconstruction process, which is based on Fou-
rier transformation, is very sensitive to motion.
Motion results in phase changes leading to signal
misregistration giving artifacts along the phase
encoding gradient direction. Inhomogeneities in the
magnetic field will give rise to spatial distortions in
the images. The gradient amplitude limits the mini-
mum slice thickness and the minimum FOV that can
be used.

Thus, instead of the attenuation of ionizing radiation
or the reflection of ultrasound waves in the body, a
radiocommunication with the different body tissues
is established at MR imaging. The RF pulse and the
gradient appearence together form the pulse
sequence (fig 1), which has no equivalent in modali-
ties employing X-rays. Using X-rays, the only tissue

parameter that can be determined is the attenuation
of the ionizing radiation. At MR imaging, a multi-
tude of tissue-specific parameters can be manipu-
lated in a variety of ways to control image contrast.

Clinical imaging started about 1980. The impact on
neuroradiology and orthopedic radiology has been
enormous. The complex and time-consuming nature
of the method combined with the availability of the
effective and less expensive echocardiography has
made evolution of cardiac applications slow com-
pared with other regions of the body. MR imaging is
however well suited also for cardiovascular studies.
The method offers certain advantages especially for
children, since it is painless and lacks radiation haz-
ards (20).

The basis of cardiac MR imaging is the contrast
between signals from the walls of the cardiac cham-
bers and great vessels and the absent signal recieved
from nuclei within rapidly flowing blood without

90 ° TE/2 180° TE/2 Echo

A A A -
Gs

Gf

Gph

Fig 1. Schematic illustration of a spin-echo (SE) sequence, the most common pulse sequence used at MR imaging. The
echo is generated by the application of a 90° radio-frequency (RF) pulse, and after a delay a 180° RF pulse. The echo
occurs at time TE after the initial RF pulse. The magnetic gradients (G), orientated along the spatial coordinates, give the
nuclei at each picture element in the imaging plane certain frequency and phase characteristics. By Fourier transform,
these characteristics can be reconstructed to create a two-dimensional image. The different Gph-amplitudes represent the
number of warp levels. Gs: Slice selective gradient. Gf: Frequency encoding gradient. Gph: Phase encoding gradient.
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administration of intravascular contrast media. If the
hydrogen nuclei move through the volume being
imaged in the time it takes to perform one data
acquisition sequence, their signal is lost (21,22).
This phenomenon is called "black blood angiogra-
phy".

Cardiac MR images of normal adults were presented
in the early 1980s (23). Good correlation of MR
images with the anatomy of normal hearts obtained
at autopsy was shown (24). The possibilities of diag-
nosing CHD were also recognized. Initially the
interest was focused on relatively common patho-
logic anatomy such as septal defects and aortic
coarctations. Images of artificially created ventricu-
lar septal defects in preserved lamb hearts were
demonstrated (25). Pathologic anatomy in patients
was subsequently reported, first in adults and then in
children and infants (26-33). The potential of MR
imaging of more complex CHD was also early
appreciated (34-36). The usefulness of non-invasive
imaging for follow-up after surgical repair was also
emphasized (29,37).

The advantages of MR imaging compared to angiog-
raphy are that the method is non-invasive, no intra-
vascular contrast media is necessary and no ionizing
radiation is used. A wide field of view providing a
composite view of intracardiac and supracardiac
anatomy and no artifacts from air-filled lung or bone
are advantages in comparison with echocardiogra-
phy. The MR images also include structures such as
the spine, the chest wall and the trachea. These act as
reference points facilitating appreciation of spatial
cardiovascular relations and reviewing by different
operators. In several situations in diagnostic imag-
ing, the region of interest does not align with any of
the standard orthogonal imaging planes. The multi-
planar tomographic MR slices can be orientated in
any chosen direction with minimal loss of image
quality (38). This is an advantage compared to CT.

Cardiac MR imaging has been limited by long imag-
ing times and low temporal resolution.

PATIENT MONITORING AND SAFETY

The relatively long imaging time combined with
sensitivity to motion artifacts is a disadvantage of
MR imaging. Children under seven years of age usu-
ally need sedation or general anesthesia. This elimi-
nates voluntary movements. Physiological
movements, such as cardiac activity and breathing,
have of course to be accepted.

The conditions in the scanning room create specific
difficulties. The construction of most MR equip-
ments makes direct visualization of the patient very
difficult. This increases the need of instrument mon-
itoring of vital signs, espcially in critically ill chil-
dren. The patient and the equipment are exposed to a
static magnetic field, a time-varying magnetic field
(gradient field) and a radiofrequency (RF) electro-
magnetic field. Interaction of monitoring devices
and the VIR imager may occur (39,40). The mag-
netic and RF fields can affect the monitoring equip-
ment, which in turn may affect image acquisition.
There have been different opinions whether it is safe
to examine children under general anesthesia
(41,42).

Instruments using mechanical swithces, electron
beams or internal magnets may be affected by the
strong magnetic fields. Conventional monitors can-
not be used in the scanning room. Digital displays
are not affected, neither by the magnetic or the RF
field. Attention is especially paid to mechanical
ventilators. They usually have a magnetic flux den-
sity limit at e.g. 15 mT (= 150 Gauss).This border-
line should when necessary be measured and marked
in the scanning room. For a high field scanner the 15
mT borderline will be several meters from the iso-
center of the magnet. In commercial available scan-
ners the stray field is reduced using active shielding,
i.e. an outer magnetic field in the opposite direction.
The critical distance is in that way significantly
decreased, but close to the scanner magnetic flux
density increases very fast. Using low field equip-
ment with a vertical magnetic field, as in the present
study, the low stray field will not affect the mechanic
ventilator. A stray field value of about 0.5 mT, the
general limit for magnetic flux density and also the
threshold for pace-maker affection, is present at 2 m
distance from isocenter using a 0.2 T low field scan-
ner.
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Even within the bod}- electric voltages may be gen-
erated from flowing blood when exposed o the
strong static magnetic field. Such potentials may
affect cardiac electrical tracing, e.g. induce artificial
T-wave changes.

Within rapidly switching gradient magnetic fields,
monitor wires may act as induction coils if looped,
and may develop heat. Electrically conductive mate-
rial should be avoided in the bore of the magnet, and
definitely it should be kept from direct contact with
the patient. The RF signal affects any electrical cable
which will act as a receiver antenna and spoil the
monitoring signal. The development of fiberoptic
leads has eliminated many of these problems.

Pulse oximetry is now in an increasing degree recog-
ni~ed as a standard monitoring parameter during
sedation and anesthesia. Non-invasively, it provides
data regarding the heart rate and gas exchange by
measuring the amount of oxyhemoglobin versus
deoxyhemoglobin. This equipment is relatively
insensitive to the magnetic field but is affected by
the RF field. Pulse oximeters using fiber-optic leads,
and thus insensitive to the induction phenomenon,
have been presented (43).

All the above mentioned magnetic effects on moni-
toring equipment are direct proportional to the field
strength. All monitoring devices used at MR imag-
ing should be tested and found to be MR compatible.
They should also be tested in the MR setting where
it is to be used, since small differences from one
equipment to another, e.g operating frequences, are
difficult to predict. At this date, numerous MR-com-
patible monitors for various parameters are availa-
ble. At tests, they have usually shown to monitor
adequately but sometimes they cause minor image
deterioration (40,44).

Monitoring of sedated or anesthetized children is
facilitated when low magnetic field strength and a
vertical field is used, as this technique has a low
stray field surrounding the scanner (45). In this study
the vast majority of patients were scanned without
general anesthesia. Younger children were sedated
and personnel from the ward was present "magnet-
side". ECG-gating was traced from the extremities.
A compatible pulse oximeter was introduced early
during the study.

The question has been raised whether the strong
magnetic field and the RF field can affect the body
tissues. Guidelines for patient protection has been
presented (46). The static main field can, as men-
tioned above, induce a voltage in the blood stream in
the aorta. There is however no risk of cardiac depo-
larization at field strengths used at MR imaging.
Magnetic flux changes, caused by the gradient
switching, may induce peripheral nerve stimulation
and fibrillation of the heart. At the currently used
limit at 20 T/s, there is no risk of these effects. The
only possible short term effect of the RF field in the
body is elevation of temperature.

No long term adverse effects of MR imaging are
known. Generally it is assumed that tissue injuries
are related to energy deposition causing molecular
damage. Since all three field components of MR
imaging are operating at the low frequency part of
the electromagnetic spectrum, secondary effects are
unlikely. To date no such hazards to the patient are
known.

In a small number of patients MR examination can
not be performed because of claustrophobia. In this
study, patient's tolerance was generally good.

The ferromagnetic properties of any implanted
metallic device (and thereby MR compatibility)
should be declared by the manufacturer and checked
by the MR operator. Extracranial surgical clips, ster-
notomy wires, metallic orthopedic implants and
prosthetic valves usually present no contraindication
to MR imaging. Surgical clips manufactured since
1985 are generally MR compatible. The presence of
any metal object may however degrade the images.

MR imaging is contra-indicated in patients with
pace-makers.

BACKGROUND TO THIS STUDY

Acquisition parameters (I)

The MR technique includes several acquisition
parameters. ECG-gating, the number of excitations
(NEX, averages), the number of warp levels, echo-
time (TE) and repetition time all influence both
image quality and scan time. The size of the field of
view (FOV), the slice thickness and the phase
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encoding direction influence image quality but not
the scan time. For efficient cardiac MR imaging
accurate parameter setting is necessary. For this pur-
pose we performed experimental axial cardiac MR
images in a rabbit the size of a newborn baby. The
effects on image quality of changing the acquisition
parameters were studied in order to define the most
efficient combination.

Surface coils (II)
In vertical magnetic field MR imaging at low field
strength, image quality is highly dependant on the
receiver coils. Its function is to correctly receive the
amplitude, the frequency and the phase of the
incoming MR signal. The MR signal from the
patient is approximately one billionth that of the
transmitted RF power.

Surface coils must be directed perpendicular to the
magnetic field. A vertical field allows the coils to be
wrapped around the patient, allowing the whole vol-
ume surrounded by the coil to be within one radius
from the coil centre. The deep signal drop-off seen at
planar surface coils is therefore less pronounced,
resulting in images with a more uniform intensity
(47).

The wrap-around coils should be placed as close as
possible to the region of interest (48). Image quality
is also improved by using a coil with a diameter as
small as possible. These conditions are hard to fulfil
when the region of interest is the upper mediastinum
containing the great arteries and veins, which are
often involved in congenital heart disease. The
shoulders and the arms preclude positioning of a
wrap-around coil with a sufficiently small diameter.
This problem in depicting the upper thoracic region,
MR has in common with conventional radiography.
There is a need for an improved surface coil con-
struction in this region. The performance of a new
concept using a half elliptical coil has been tested in
this study.

Pulmonary artery sling (III)
As mentioned above, the major feature of MR imag-
ing for cardiovascular purposes is the contrast
between flowing blood and vascular walls. Pediatric
respiratory distress can be caused by vascular mal-
formations in the mediastinum, so called vascular
rings (49-52). The term is used to define a develop-

mental anomaly in which there is encirclement and
potential compression of the trachea and esophagus
by mediastinal arteries. They may also cause recur-
rent pulmonary infections. A high degree of clinical
suspicion is required to avoid missing the diagnosis.

The most common cause of symptomatic vascular
ring is a double aortic arch. An uncommon type of
malformation is the aberrant left pulmonary artery
or pulmonary sling (49). In this condition the left
pulmonary artery arises from the posterior aspect of
the right pulmonary artery, passes between the tra-
chea and the esophagus and then reaches the left
hilum (fig 2). The condition often results in signifi-
cant respiratory tract morbidity. Sometimes air-trap-
ping emphysema, usually of the right lung, is seen at
chest X-ray. Tracheomalacia is often present and
then contributes to the respiratory distress.

The diagnosis is suggested at chest X-ray and X-ray
of the esophagus when a mass is seen interposed
between the esophagus and the trachea. This is the
only vascular ring with an indentation of the anterior
surface of the esophagus. However, cysts, tumours
and other vascular structures can cause a similar
appearance of the esophagogram (53), and further
investigation is necessary to confirm the diagnosis.

Ao

Fig 2. Schematic representation of pulmonary artery sling.
The left pulmonary artery (LPA) has anomalous origin
from the posterior part of the right pulmonary artery
(RPA). The anomalous vessel passes between the trachea
(T) and the esophagus (E) and then reaches the left hilum.
Ao: Aorta.
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Previously the definite diagnosis required invasive
methods (ACC). Since the pulmonary arter}- sling is
an extracardiac vascular anomaly diagnosis using
echocardiography is difficult and there is a need of a
complementary non-invasive method.

Complex CHD (IV)

Complex congenital heart malformation is a diag-
nostic challenge to the pediatric cardiologist and
radiologist. These conditions often involve not only
cardiac anomalies but also the pulmonary- and sys-
temic vessels. Complex malformations are fre-
quently associated with abnormalities of the thoracic
and abdominal situs. The patients are often candi-
dates for surgical procedure? With the introduction
of echocardiography diagnosis without intervention
became possible. The diagnostic information pro-
vided by echo-Doppler is however for several rea-
sons not always complete.

Over the last decade MR imaging has proved to be a
capable non-invasive complement (54-61). It has
been useful e.g for the evaluation of heart defects
having giant compartments, conotruncal malforma-
tions, atrial and visceral situs abnormalities, anoma-
lous systemic and pulmonary veins and aortic and
pulmonary artery abnormalities. It has also been
used when specific questions are not solved by echo-
Doppler. Even newborns are well suited for cardiac
MR studies (62, 63).

There has however been few reports of the diagnos-
tic accuracy of MR imaging of the combined various
components of complex disease and the test design
and the results vary considerably (28, 64-69). This,
combined with the improved results of surgical
repair, provides the motive for evaluating MR imag-
ing of all major anatomic elements of complex
CHD in the hope of avoiding or reducing the number
of diagnostic catheterizations.

The pulmonary vessels (V)

Detailed knowledge of the pulmonary vascular sup-
ply is essential in congenital heart disease. Several
surgical procedures used in complex anomalies aim
to normalize hypo- or hyperperfusion or to re-route
blood flow to the lungs. In children with cyanosis
and decreased pulmonary blood flow, the decision
whether to perform a total correction or a palliative

aortopulmonary shunt is based on pulmonary artery
size and confluence or nonconflueice of left and
right-sided vessels. Echocardiographic definition of
these structures may be suboptimal, especially in
older patients. Even ACG may have difficulties due
to poor antegrade flow through the pulmonary valve.
Repeated invasive procedures for postoperative
check-up should be avoided if possible.

As a complement to echo-Doppler, MR is now also
available (70-77). Besides depicting the central tho-
racic vessels, MR imaging can be used to evaluate
surgical anastomoses, conduits and palliative shunts.
It is important to validate MR findings, comparing
the diagnostic result with the accepted standard
which is angiography and with surgical findings.

Good management of patients with CHD depends
on obtaining a precise anatomical diagnosis. None
of the methods available for evaluating CHD is of
course totally satisfactory. Indeed, each of the meth-
ods has drawbacks such as invasive features, poten-
tial radiation hazards, potential toxicity of contrast
agents, limited tissue penetration or lack of specifi-
city. In some cases the exact anatomy will be diffi-
cult to evaluate whatever method used. E.g. the
pulmonary veins can be difficult to image by echo-
Doppler and at ACG they sometimes cannot be
opacified or are superimposed by other structures. In
complex CHD, determination of operability and the
type of operative procedure depend partly on clear
definition of the opening sites of venous return.

MR diagnosis of congenital heart disease is now an
established technique (54, 55, 58, 78-84). In this
study experimentally attempts to optimize the tech-
nique and clinical experience of cardiac MR imag-
ing for anatomic information at 0.3 T are reported. It
is considered valuable to know whether the MR
technique can improve diagnosis in vascular malfor-
mations of the mediastinum, in various types of
CHD, in anomalies of the pulmonary and systemic
veins and in the postoperative appearance of the pul-
monary circulation.
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AIMS OF THE STUDY

In this study the usefulness of conventional "static"
MR imaging at lower field strength in diagnosing
CHD has been studied. The aims were to

1) define the most efficient parameter settings for
cardiac MR imaging for anatomic information in
small experimental animals (I).

2) develop and evaluate in phantom studies and in
vivo an improved antenna coil for use in the tho-
racic region in small children (II).

3) demonstrate the specific MR findings in the pul-
monary artery sling anomaly (III).

4) evaluate the efficiency of static spin-echo MR
imaging at 0.3 T as single modality in diagnos-
ing complex congenital heart disease (IV)

5) evaluate the usefulness of 0.3 T MR in imaging
of the postoperative pulmonary vascular sup-
ply (V)

6) define the limits of cardiovascular MR imaging
at 0.3 T
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MATERIALS, METHODS AND RESULTS

THE MAGNET

Throughout the study a 0.3 T vertical field MRI
scanner was used (Fonar beta-3000 M). The magnet
is resistive with an iron core. In all cases, the stand-
ard built-in body coil, provided by the manufacturer,
was used as transmitter. Wrap-around surface coils
of adequate size placed under the arms or a half
elliptical coil for upper thorax was used to provide
optimal signal-to-noise ratio at the level of the heart
and great vessels (48, E). The surface coils were
operated in receive-only mode. SE sequences, the
most common MR imaging pulse sequences, were
used throughout the study.

EXPERIMENTAL STUDIES (1,11)

Optimizing conventional cardiac MRI in the
rabbit at 0.3 T (I)

Materials and methods

Axial cardiac MR images were performed in a rabbit
under general anesthesia. As the experiment was
non-ionvasive, the same rabbit weighing 2.8 kg was
used throughout the study. Hypnorm (Janssen; flu-
anisone + fentanyl) was used as a combination anes-
thetic in a dose of 0.5 ml/kg intramuscularly.

A standard imaging protocol was defined (table 2).
Starting with the standard imaging protocol the

Fig 3. With ECG-gating, the repetition time (TR) between
two consequtive 90° radio frequence (RF) pulses, is deter-
mined by the R-R interval. At a heart rate of 80 beats/min,
the R-R interval is 750 ms (d). With our equipment this in-
terval must contain a trigger delay of 15 ms (a), the total
slice acquisition time (b), and the inhibition time of 400
ms (c). Thus, the acquisition window can be at the most
335 ms.

parameters (ECG-gating, NEX, number of warp lev-
els, TE, TR, FOV, slice thickness and phase-encod-
ing direction) were changed one at a time within the
given range, the other parameters remaining as in the
basic set. The R-R interval at ECG-gating is shown
in fig 3.

Table 2
Characteristics of the standard imaging protocol and the
variation range for each parameter studied

ECG-gating

No. of excitations
(NEX)

No. of warp levels

Echo-time (TE) (ms)

Repetition time (TR)
(ms)

Slice thickness (mm)

Field of view (FOV)
(cm)

Phase-encoding
direction

Basic
scan

-

1

257

16

300

5

20

Vertical

Range

-/+

1-7

257-384

16/30

300-600

3-9

13-25.6

Vertical/
horizontal

The image quality as a whole, including influence of
resolution, signal-to-noise ratio and presence of arti-
facts, was judged and scored subjectively by three
physicians experienced in MR imaging (NM, SL
and SH). The observers were not aware of the acqui-
sition conditions.

Each observer picked out the best image for each
parameter. The selected images were compared with
each other and ranked. The two most important
parameters for image quality were then combined
and optimized. Using this combination the remain-
ing parameters were again changed one at a time.
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Results

Six of the eight parameters could improve image
quality when changed from the basic set of initial
values. These six parameters were ECG-gating,
NEX, the number of warp levels, the TR, the FOV
and the slice thickness.

When ranked, ECG-gating was the parameter with
the greatest effect on image quality, resulting in con-
siderable image improvment. The next most impor-
tant parameters were the numbers of excitations and
an increased FOV. A decreased FOV and lower slice

thickness resulted in image deterioration, as did hor-
izontal phase encoding. Increasing TE decreased
image quality slightly.

As the most efficient parameter, ECG-gating was
then combined with increasing number of excita-
tions, the other parameters remaining at their initial
values.

When ECG-gating was used, no further improvment
was noticed with more than three excitations. With
this combination no detectable improvment was
achieved by changing each remaining parameter in

Fig 4. Images showing the impact of ECG-gating and increasing number of excitations (NEX) on axial slices through the
heart and great vessels of a rabbit, a Image from a basic scan using the parameter set from the standard imaging protocol.
Scan time l min 19 s. b Scan using ECG-gating; other conditions as in a. c Scan using ECG-gating and three excitations;
scan time 10 min. d Scan depicting mediastinal vessels, using ECG-gating and three excitations.
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tum. The impact on image quality and scan time of
ECG-gating and increasing NEX is shown in fig 4.
However, obvious image deterioration was noted for
decreased FOV and for horizontal phase-encoding.

Thus, the optimal way to perform cardiac SE MR
imaging in a rabbit at 0.3 T is to use ECG-gating,
three excitations, 25.6 cm FOV, 257 warp levels,
vertical phase-encoding direction and a slice thick-
ness of 5 mm.

Vertical field MR imaging of upper thorax
and spine in small children. Evaluation of a
new surface coil (II)

Materials and methods

A half-elliptical coil consisting two serially con-
nected cable-loops was mounted on a foam rubber
vest (fig 1, paper II). The experimental coil was
designed in such a way that a child's shoulders fit
into the central region of the coil (85). The coil was
made of standard coaxial cable with an outer diame-
ter of 4 mm. Only the outer conductor of the cable
was used, since the coil acted as a receiver only (47).

The two serially-connected cable-loops were of dif-
ferent lengths and they were attached to the vest
made of 10 mm thick foam rubber, and were folded
down on both the ventral and dorsal side. The size of
the vest was chosen to fit children below the age of
seven or with a maximum weight of approximately
25 kg. The standard coils used for comparison were
the neck/knee-coil (diameter 15 cm), the head/neck-
coil (diameter 18 cm) and the turban-coil (diameter
22 cm).

Experimental coll

Head/Neck Co!

Fig 5. Positioning of different coils used in the compara-
tive phantom studies. The coils are placed in a similar way
when an in vivo examination is performed. The turban coil
(not shown) is placed over the shoulders, outside the arms.

As phantom a doll the size of a 1,5-year-old child
with a length of 65 cm was used. The phantom was
filled with water containing manganese chloride,
sodium chloride and gelatine to obtain signal char-
acteristics comparable to human tissue. The coils
were placed according to fig 5. Using the phantom
comparative studies with the standard coils were
designed to simulate an in vivo examination.

In the phantom studies a SE 600/30 sequence was
used. The studies included sagittal, axial and coronal
imaging and the slice thickness was 4.5 mm. The
field of view was 256 mm, the number of excitations
was three and the number of warp levels was 384.

Signal profiles were positioned in the same place,
relative to the doll geometry, for all coils in the three
orthogonal viewing planes. The sagittal image pro-
vided a craniocaudal profile, the coronal image a
profile from left to right and the axial image pro-
vided an anterioposterior profile.Signal values were
recorded for every 10th pixel along the profile. Sig-
nal-to-noise ratio values were estimated by dividing
the signal values obtained from the phantom with
the average background value.

The experimental coil was also used clinically for
delineation of vascular structures in the upper medi-
astinum, e.g. coarctation of the aorta and venous
anomalies. Cardiac gated SE sequences with TE 30
ms were used. The number of warp levels was 257
and the number of averages was 2-3. The slice thick-
ness was 5-10 mm.

Results

In the sagittal plane the neck/knee coil gave the
highest S/N ratio in the cervical region . In the upper
thorax, from the level of the shoulder to 10 cm in
caudal direction, the experimental coil provided a
S/N ratio which was up to 40% higher than that
obtained with the standard coils (fig 6). Further
down in the thorax, the head/neck coil reached an
S/N ratio higher than that obtained with the experi-
mental coil.

In the coronal plane the experimental coil was found
to be comparable with the turban coil. They gave an
S/N ratio about 40% higher than the other standard
coils at a level 5 cm below the shoulders in the ante-
rior part of the phantom.
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Fig 6. S/N ratio curves obtained in the sagittal plane using
the experimental coil and the following circular wrap-
around coils: the neck/knee coil (15 cm), the head/neck
coil (18 cm) and the turban coil (22 cm). The 0 level at the
Z-axis is at the position of the shoulders of the phantom.
The S/N ratio profiles were obtained at a level equal to half
the distance between the spine and the heart. All profiles
were obtained at the same position for all coils.

In the axial plane 5 cm below the shoulders, the
experimental coil gave an S/N ratio equal to the
neck/knee coil on the ventral side . In the dorsal
direction, the signal decreased rapidly with the
neck/knee coil. Comparing the experimental coil
with the head/neck-coil, the S/N ratio was 2-3 times
higher with the experimental coil. Comparison
between the experimental coil and the turban coil
showed 20% higher S/N ratio for the experimental
coil.

In the experimental coil the optimal length of the
two cable-loops were found to be 50 cm and 70 cm
respectively.

Thus, in the upper 10 cm of the thoracic region, the
experimental coil gave superior S/N values com-
pared with all the tested standard coils.

CLINICAL STUDIES (III, IV, V)

Acquisition conditions

Static multislice cardiac gated spin-echo sequences
were obtained with a slice thickness of 5-10 mm,
with an interslice gap of at least 10 %. The parame-
ter settings were chosen to give optimal image qual-
ity using vertical magnetic field of low strength in

small patients (I). The TE was 16-30 ms and the TR
was ECG-gated, i.e. equal to the R-R cycle length.
Three excitations (averages) and 257 warp levels
were used. The reconstruction matrk was 256 x 256.
A wrap around coil of appropriate size placed under
the arms or a half elliptical coil for the upper thorax
was used (II).

Two to four sets of scans in orthogonal orientations
were routinely acquired. On a quick non-gated coro-
nal scout-view the axial scans were chosen. At least
one set of axial scans was always included. Further
coronal and sagittal scanning was performed
depending on the clinical problem. Overlapping
axial scans were done in a few cases to avoid misin-
terpretation from volume averaging and interslice
gap, when detailed information within a limited
region of interest was requested. The coronal and/or
sagittal scans were chosen using one of the axial
slices as scout. The phase encoding gradient was
vertical in axial images and vertical or horizontal in
coronal and sagittal images. Each set of ECG-gated
scans required approximately 10 minutes. Together
with sequence loading and tuning the total investiga-
tion time for each patient was 60-90 minutes.

Children under the age of seven were usually
scanned under sedation (a mixture of pethidine, pro-
methazine and chlorpromazine, given intramuscular
30-60 minutes before examination). A few children
were scanned under general anesthesia.

Echocardiography was performed prior to or in con-
nection with MR imaging in all patients using stand-
ard commercially available equipment including
Doppler capabilities.

SE MR detection of various congenital
cardiovascular anomalies (IV)

Materials and methods

During all/2 year period 45 children and young
adults with complex congenital heart disease under-
went cardiac MR imaging at our department. Two
patients were excluded from the study because of
poor image quality. The patients were aged six days
to 29 years. There were 24 females and 21 males.
All MR studies were performed on clinical indica-
tions. None had corrective surgery prior to the MR
study.
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The MR films were reviewed by four experienced
pediatric radiologists and one fellow in pediatric
radiology. They were all unaware of patient history
and of the results from other diagnostic modalities
with exception for the person responsible for the
test, who designed the study and also took part in
reviewing the films. The films were reviewed indi-
vidually and no discussion of findings took place.

Table 3
Table showing the total number of cardiovascular
abnormalities in 37 patients evaluated using MR imaging
at 0.3 T

Diagnosis

ASD

VSD

AV-canal

AS

PS

PAtr

Truncus

SV

TGA

DOV

Dextrocardia

Atrial isomerism

TAPVR

PAPVR

ASVR

PA-stenosis

AP-shunt

RAA

Total

Number of diagnoses

24

19

10

1

8

6

2

3

13

6

5

9

6

11

14

6
14

8

165

ASD: atrial septal defect; VSD: ventricular septal defect; AS:
aortic valve stenosis; PS: pulmonic stenosis (valvular or subval-
vular); PAtr: pulmonic atresia; Truncus: truncus arteriosus; SV:
single ventricle; TGA: transposition of the great arteries; DOV:
double outlet ventricle (right or left); TAPVR: total anomalous
pulmonary venous return; PAPVR: partial anomalous pulmo-
nary venous return; ASVR: anomalous systemic venous return;
PA-stenosis: pulmonary artery stenosis; AP-shunt: aortopulmo-
nary shunt; RAA: right-sided aortic arch.

The material was reviewed in two stages. The first
39 consecutive MR examinations were studied with
the aim of diagnosing all cardiovascular anomalies
in each patient. The total number of diagnoses in this
group was 165, distributed among 18 anatomic diag-
noses according to table 3. For each patient a stand-
ard protocol was used in which the diagnostic
alternatives were tabulated and the reviewer con-
firmed or excluded each diagnosis.

The second stage concerned detailed detailed map-
ping of anomalous veins. This part of the study is
described separately.

The final diagnoses were based upon findings at
echo-Doppler, cardiac catheterization with ACG,
and surgery. All patients had echo-Doppler, 30 had
ACG and 29 were operated on after the MR study. In
all children the final diagnosis included invasive
data.

The sensitivity, specificity, positive predictive value
(PPV), negative predictive value (NPV) and accu-
racy were calculated for each diagnosis. The values
were calculated according to established definitions
(86,87).

Results

The added results of all the types of anomalies are
presented in table 4. As can be seen the diagnostic
results for the specialists measured as sensitivity,
specificity, PPV, NPV and accuracy were 80-96 %.
For the fellow the corresponding results were 64-
92% The values for the five reviewers altogether
were 76-95%. The interobserver variation of sensi-
tivity between the specialists shown in fig 7, ranged
between 70%and 87%. The corresponding variation
in specificity was 95%-98%. If the test leader's
results are excluded, the sensitivity is 78 %. Fig 8
shows an example of a complex anomaly includung
AV valve malformation and anomalous position of
the heart and the aorta. Further examples of the
anomalies are presented in figs 2-5, paper IV.
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Fig 7. The variation between the four pediatric radiolo-
gists in detection of 165 cardiovascular anomalies in 37
patients using MR imaging at 0.3 T.

Fig 8. Axial scan of a complex anomaly including dextro-
cardia and complete atrioventricular canal (white arrow-
heads). The left- and right atrial (LA and RA respectively)
morphology suggests inversion. The descending aorta is
right-sided (black arrowhead).

Table 4
Table showing the added results (%) of diagnosing 165 cardiovascular anomalies in 37 patients using MR
imaging by four pediatric radiologists and one fellow.

Sensitivity Specificity PPV NPV Accuracy

Specialists

Fellow

Combined

80

64

76

96

92

95

88

72

85

93

89

92

92

85

91

PPV: Positive predictive value, NPV: Negative predidtive value

SE MR imaging of pulmonary vascular
supply (III,V)

Materials and methods

Two groups of patients are evaluated - patients with
aberrant left pulmonary artery (pulmonary artery
sling) and patients with surgically modified pulmo-
nary vessels.

Pulmonary artery sling (III)

Three patients with aberrant left-sided pulmonary
artery (pulmonary sling) underwent ECG-gated tho-
racic MR imaging. The diagnosis was previously

known from invasive studies in two of them. In the
third, a girl aged seven weeks, the diagnosis was
made with MR imaging and confirmed using ACG.

All three children suffered recurrent respiratory dis-
tress or recurrent pneumonias during the first year of
life. In one of them bronchoscopy at the age of one
year revealed tracheal stenosis. In another a systolic
murmur was noted at the age of five. The definite
suspicion of an aberrent left pulmonary artery were
in all cases raised on conventional radiography with
an indentation in the barium-filled esophagus (figs
1-3 a, paper III).
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Postoperative pulmonary vascular supply (V)

During a 6 1/2 year period 27 CHD patients who had
previously undergone surgical procedures affecting
the pulmonary vessels underwent cardiac MR imag-
ing (table 5). They were aged 8 months to 25 years
(median 11 years) and were operated on 5 months to
14 years earlier.

Table 5
Postoperative patient characteristics in 27 patients where
pulmonary vessels were evaluated using MR imaging at
0.3 T

Diagnosis No of No of No of
patients stenoses aneurysms

TGA

TOP

Truncus

VSD+
CoA

TA

Total

12

8

4

2

1

27

10

8

6

3

0

27

1

2

1

0

0

4

All 27 patients had echo-Doppler in association with
the MR study. A stenosis was considered present
when flow velocity was 3 m/s or more (88). 19
patients had postoperative catheterization and ACC
within one day to six years from the time of the MR
study (median: 19 months). A pressure gradient of

Table 6
Postoperative clinical problems in 27 patients
referred for MR imaging.

Referral question No of patients

Stenosis (VOT or PA)

Stenosis (pulmonary- or
systemic vein)

Conduit patency

Aneurysm

RV size

Total

13

3

7

2

1

26

36 mm or more or a vessel diameter reduction of
more than 40 % was considered significant for sten-
osis (89,90). One patient had pulmonary scintigra-
phy. Ten patients were reoperated. Two post-mortem
studies were performed.

All but one MR study were performed on clinical
issues. The clinical problems are presented in table
6.

The films were reviewed retrospectively for evalua-
tion of pulmonary vascular supply by the author.
The reviewer was aware of the general diagnosis but
not of the specific findings on other modalities. Sten-
osis was defined as more than 40% diameter reduc-
tion of the vessel lumen. Findings at invasive
studies, reoperation and/or echo-Doppler served as
control.

Results

Pulmonary artery sling (III)

In all three cases of pulmonary artery sling MR
imaging clearly demonstrated the anomaly (figs 1-2
c, fig 3 b, paper in), even in an infant aged three
months (fig 9). The degree of tracheal narrowing
was also asessable. In the youngest patient the diag-
nosis was also confirmed later using angiography
(fig 3, paper III).

VOT: Ventricular outflow tract, PA: Pulmonary artery, RV: Right
ventricle

Fig 9. Girl aged 3 months, suffering from respiratory dis-
tress. Axial MR image at the level of the pulmonary artery,
giving definite diagnosis of a pulmonary artery sling (ar-
rows) around the trachea.
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In our three cases symptoms decreased after infancy
and surgery has not been performed in any case.

Postoperative pulmonary vessels (V)

The result of the reviewing of the postoperative 27
cases is presented in table 7.

Table 7
Result of MR evaluation of postoperative pulmonary
vascular supply in 27 patients

Anomaly Number of MR
anomalies diagnosis

Stenosis (VOT)

Stenosis (valvular)

Stenosis (conduit)

Stenosis (RPA or
LPA)

Aneurysm

Total

7

2

2

16

4

31

4

1

1

14

4

24

VOT: Ventricular outflow tract. RPA: Right pulmonary artery.
LPA: Left pulmonary artery.

Fig 10 shows a severe postoperative stenosis of the
right pulmonary artery after correction of a truncus
arteriosus. The figures in paper V demonstrate fur-
ther examples of the anomalies. Three of the four
aneurysms were located in the RVOT and one in the
main pulmonary artery (MPA). All four were
detailed at MR imaging.

Ten patients were re-operated, eight because of path-
ologic findings reported in this study. Two post-mor-
tem studies did not add any further information
about the pulmonary vascular supply.

In all, a correct postoperative MR evaluation of pul-
monary vascular supply was possible in 21 out of 27
patients.

Fig lOa. Four-year-old child with truncus arteriosus, sur-
gically corrected using an aortic homograft. The axial MR
image shows a wide pulmonary trunc (aortic homograft),
a wide left pulmonary artery, but a severe stenosis of the
right pulmonary artery at the bifurcation.

Fig lOb. The corresponding angiogram.

SE MR mapping of anomalous systemic and
pulmonary veins (IV)

Materials and methods

This study involved a detailed review of anomalous
veins. The 37 patients from the general survey af
cardiovascular anomalies and six further MR studies
of complex CHD were included. Altogether 28 of
the 43 patients had anomalous pulmonary or sys-
temic venous return. 62 individual anomalous veins
were present distributed according to table 8.
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Table 8
Table showing the number of individual anomalous veins and their ways of drainage in 43 patients with
complex CHD. 28 patients had a total of 62 vein anomalies.

Connection

Anomaly Innom. SVC RA LA IVC CS VCSS Tot

LPV

RPV

TAPVR

VCSS

IVC

HV

Total

2

6

3

3

2 12

5

5

10

1

12 4

5

11

28 1 4

2

12

1 9

16

4 12

11

5 62

The types of anomalies and ways of drainage were
tabulated in a protocol. The same five physicians as
in the general survey took part. Except for the
author, who also took part, the reviewers had no
information about the condition of the patients. The
reviewing was done individually. The aim was for
the reviewers to decide on the type of anomaly and
to locate the connection site in each case. The final
diagnoses were based upon findings at echo-Dop-
pler, ACC and surgery. In all children the final diag-
nosis included invasive data. Sensitivity and
specificity were calculated. The evaluation of sensi-
tivity was divided in two parts. First the ability to
detect the anomaly was tested. Secondly, the ability
of the reviewers to define the connection of the
anomalous vein was tested.

Results

In the detailed study of the anomalous veins, results
from all five reviewers are shown in table 9. The
total sensitivity to detect the anomalous vessels was
85 %. The sensitivity in exactly localizing the con-
nection was 79 %. The specificity was 97 %.

Fig 11 shows a coronal MR image demonstrating a
common pulmonary vein as a part of a complex
CHD. Further images of venous anomalies are pre-
sented in paper IV.

Table 9
Table showing the added result (%) of the detailed
mapping of 62 vein anomalies in 28 patients with
complex CHD.

Sensi- Sensi- Specificity
tivity tivity (vessel+

(vessel) connection)

Pulmonary
veins

Systemic
veins

Total

80

89

85

75

82

79

99

94

97

Fig 11. Five-month-old boy with a complex cardiovascu-
lar situation including total anomalous pulmonary venous
return (TAPVR). The pulmonary veins do not open into
the left atrium, but are forming a common vessel directed
cranially and to the right (arrow within vessel). The com-
mon pulmonary vein opened into the superior vena cava.



26 Nils Malmgren

GENERAL DISCUSSION

GENERAL CONSIDERATIONS

Several textbooks have been written on the diagnos-
tic approach to congenital heart disease (3,4,14). In
the past two decades considerable change has
occurred in diagnosis and treatment. Diagnosis and
treatment is attempted n the neonate or infant. The
treatment has changed, often from palliative to cor-
rective surgery.

An increasing number of children with CHD survive
and reach adolescence and adulthood (91). CHD in
adults is now considered to be a new subspeciality in
cardiology. The diagnostic problems in these
patients are often different from those in childhood,
related to previous surgery and changes that result
from the time the patient has had the disease. If pos-
sible repeat invasive studies, such as cardiac cathe-
terization and angiocardiography, should be avoided
because of risks and discomfort.

Thus, the need for improved non-invasive diagnostic
methods has increased. Still a substantial number of
children are referred for angiography (92), espe-
cially those with complex disease. MR imaging
offers further non-invasive investigation and possi-
bilities to spare angiography.

Echo-Doppler

Non-invasive diagnosis of CHD has been the general
aim since echocardiography was introduced. Echo-
Doppler is an effective non-invasive tool to visualize
intracardiac anatomy and blood flow. However echo-
Doppler has its limitations when lung tissue con-
ceals extracardiac vascular structures, often involved
in CHD. The penetration problem increases with
patient growth. Postoperative scar tissue will also
affect echo-Doppler penetration. Sometimes veloc-
ity patterns at Doppler studies indicate stenosis
although echo images provide poor anatomic infor-
mation. In such cases further imaging is desirable
e.g. to exclude a shunt causing increased flow
velocity.

MR imaging

The most recent contribution to non-invasive diag-
nosis is MR imaging. Cardiovascular applications of
MR imaging are increasing (81,93-96). Anatomic
analysis of tomographic MR images with conven-
tional and oblique orientation has proven to be
effective in showing most components of CHD
(64,66,76,97-101). Careful planning of imaging
planes is recommended so that more important
information can be acquired first and less important
information later.

Complex CHD can be defined by the manner in
which the cardiac segments are connected. By logi-
cal step-by-step analysis of the cardiac segments on
the adjacent MR slices, complex anatomy can be
resolved (102). In several instances, MR imaging
provides information additional to that available
from ACG and echo-Doppler.

The method is also well suited for evaluation of
mediastinal vessels (71-75).

Several sophisticated techniques, including "func-
tional imaging" (phase-imaging, cine-MR, echo-pla-
nar imaging, MR angiography, flow-measurements),
have been described (103-109). Cardiac cine-MR is
clinically performed using ECG-gated fast gradient-
recalled echoes with short TE and TR. The cine
acquisitions are however often degraded by respira-
tory motion artifacts, especially in the pediatric
patient. For high quality of the even faster cardiac
echo-planar imaging, in which signals from all warp
levels are acquired within each short TR period, the
MR scanners of today have to be improved. MRA
and flow measurements are performed at CHD,
although not established in the clinical routine.

These "functional imaging" methods usually
require high magnetic field strength and they cer-
tainly demand very good gradient performance.
Most cardiac MR applications are however still
based on morphologic observations using SE
sequences, the workhorse of clinical MR imaging.
SE imaging has good inherent contrast properties
and flexibility for contrast manipulation and it is rel-
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atively insensitive to artifacts. Its main drawback is
the long acquisition time and thereby low temporal
resolution.

Contrast-enhanced MR imaging of the heart using
Gadolinium-DTPA is to date limited to some spe-
cific disorders such as ischemic heart disease and
cardiac mass lesions (110, 111).

The ability of MR imaging to define cardiovascular
anatomy has been studied in numerous reports. The
clinical role of MR imaging in the evaluation of spe-
cific cardiovascular abnormalities however contin-
ues to evolve. The experience of the possibilities of
low field cardiac MR imaging is limited.

THE PRESENT STUDY

The two experimental papers in this study (I, II)
were aimed at optimizing cardiac image quality and
scan time using low field strength equipment.

Acquisition parameters (I)

For efficient cardiac SE MR-imaging, accurate plan-
ning of acquisition parameters and scan orientation
is necessary, or the process will be time-consuming
and the results inadequate. Optimal cardiac MR
imaging requires a familiarity with the basic physi-
cal principles and with basic pulse sequences. In this
study, the major operation-dependant factors influ-
encing overall cardiac MR image quality have been
studied. The images were assessed using subjective
criteria, one of the most common ways of evaluating
diagnostic images.

In SE imaging the scan time can be calculated as the
product of TR, the NEX and the number of warp lev-
els. Of the studied parameters, we found that ECG-
gating was the most important factor affecting image
quality. When ECG-gating is used, the TR is deter-
mined by the R-R interval. The blur from periodic
cardiac motion, causing ghost-like artifacts along
the phase encoding directions of the imaging recon-
struction technique (112), is then reduced. The R-R
interval must be greater than the total acquisition
window, which is dependent on TE and the number
of slices. If the heart rate is faster, the alternatives
are to decrease the number of slices, to decrease TE

or to perform gating at every second beat. The last
option will double the scan time. With our equip-
ment the TR also includes an inhibition time of 400
ms. In this interval the gradients are shut off to cool
down. In new MR imagers the gradient duty cycle is
improved, resulting in increased maximum number
of slices or shortened TR at a given slice number.

Scan time is directly proportional to the number of
excitations (NEX). The S/N ratio increases propor-
tional to the square root of NEX. We found three
excitations to be optimal. At more than three excita-
tions no further image improvement was percieved.
At five and seven excitations considerable image
deterioration occurred, probably caused by small
movements during the long scan time.

Scan time is also directly proportional to the number
of warp levels. Spatial resolution along the phase
encoding gradient is directly proportional to the
number of levels. When ECG-gating and three exci-
tations were used, increased number of levels (com-
pared with the initial 257) did not improve image
quality.

FOV, slice thickness and phase encoding direction
are factors that do not influence scan time but they
nevertheless affect image quality. Increased FOV
and slice thickness both result in a better S/N ratio at
the expence of resolution. When FOV and slice
thickness were changed from the basic levels we
found image improvement to be inconsistent and ini-
tial values were preferred.

In the chosen imaging geometry, vertical phase-
encoding was found to be superior to horizontal.
This is consistent with earlier experience (113).
When the major in-plane pulsatile motion is directed
in the phase-encoding direction instead of in the fre-
quency-encoding direction, image artifacts are
reduced, although they influence other sections of
the image. To explain this , one has to analyze the
pulse sequence (fig 1). The phase-encoding gradient
is switched on for a relatively short time in compari-
son to the frequency-encoding gradient. Movements
occurring during phase encoding therefore acquire
less phase shift. Phase encoding direction is an
important factor for imaging quality and should be
under operator control.
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We also tried gradient-recalled images with different
flip angles but the result was not satisfactory.

The result of optimizing parameter settings in car-
diac MR imaging in the rabbit can be used to
improve cardiac imaging in infants and small chil-
dren.

Surface coils (H)
In MR imaging at low field strength image quality is
also highly dependant on the reciever coils. The
half-elliptical coil concept, originally proposed for
imaging of the adult thoracic spine (114), improved
the S/N ratio in the upper thorax considerably in
phantom studies. From the level of the shoulders to
10 cm below, the experimental coil was superior to
all the standard coils. In a five-year-old child this
region includes the aortic arch, the central part of the
pulmonary arteries, the brachiocephalic veins, the
superior vena cava and the trachea. The S/N ratio
was improved approximately by a factor of 2 com-
pared with the standard head/neck and neck/knee
coils. The turban coil is not used in the daily routine
since it is usually too large to place under the arms
and too small to place around the shoulders. How-
ever if the child is small enough the standard coil
can be placed around the shoulders to get closer to
the region of interest. If the region of interest
extends over a larger area, it is possible to combine
the use of the experimental coil with one of the
standard coils by simply attaching both coils at the
same time. The rapid drop-off in S/N ratio in the
dorsal direction of the neck/knee coil in the axial
plane is explained by the positioning of the coil (fig
2). The anterior portion tilted downwards and was
thereby closer to the region of interest than the dor-
sal part.

We have used the experimental coil in clinical imag-
ing. It has been especially useful for evaluation of
vascular structures in the upper mediastinum, i.e.
coarcatation of the aorta, vascular rings and venous
anomalies. We have however not carried out com-
parative studies in vivo.

Complex CHD (IV)
The results in the present study were reasonably
good concerning the ability to find the separate com-
ponents of complex CHD. The best result with a

sensitivity of 100 % was not surprisingly found for
JocaJJzing grest structures in the mediastinum, i.e.
dextrocardia and RAA.

A high sensitivity (over 90%) for septal defects
(atrial or ventricular) was found, indicating effective
ECG-gating and good image resolution. The sensi-
tivity for anomalous systemic veins was also at this
level. Surprisingly the sensitivity for anomalous pul-
monary veins was lower. This was partially caused
by mix-up of partial- and total anomalous pulmo-
nary venous return, which were tabulated as differ-
ent diagnoses.

A sensitivity of 70-90% was found for evaluating the
aorta and the pulmonary artery regarding stenoses,
atresia, shunts, truncus arteriosus communis or
transposed position. A problem was noticed con-
cerning the definition and the detection of pulmonic
stenosis, pulmonic atresia and truncus arteriosus. A
very narrow pulmonic stenosis was difficult to dif-
ferentiate from atresia. Truncus arteriosus type IV is
sometimes regarded as a form of pulmonic atrcsia
since hypoplastic pulmonary arteries exist.

For evaluating atrioventricular and ventriculoarterial
connections and relations (AV-canal, SV, DOV and
heterotaxia) the sensitivity was lower (54-70%).
Partly the static SE imaging has a limited sensitivity
for the dynamic valvular conditions and partly the
detailed evaluation of vessel origin in relation to
ventricular structures requires a directed study of
this region (76,98,100,115), possibly with imaging
planes orientated to the cardiac axis (116-118).

Oblique imaging planes can be achieved by simply
rotating the patient or by electronic rotation of the
imaging axes or a combination of both. Imaging
equivalent to standard projections at ACC or to
standard imaging planes at echo-Doppler can be
achieved, usually by a combination of patient rota-
tion and gradient manipulation. MR imaging planes
parallel to the long and short axis of the heart were
not possible to obtain with our equipment. The
standard orthogonal stack of images should however
in most cases be accurate for anatomic diagnosis
when the multiple tomograms include the entire
heart.
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The standard imaging planes cannot be excluded
since anomalies of cardiac position render oblique
views unrewarding. Moreover, the systemic venous
pathways are parallel to the long axis of the patient.
Anomalies of both these types are common at com-
plex CHD. The impact of oblique MR imaging
planes in depicting extracardiac anatomy is,
although valuable at specific lesions, limited. For
intracardiac anatomy, echo-Doppler is usually satis-
factory in children.

The upper abdomen was not consistently included in
the imaging field. This would probably had
increased the sensitivity for heterotaxic syndromes,
characterized by incomplete or inappropriate lateral-
ization of the abdominal and thoracic organs, e.g.
atrial isomerism. The limited ability to evaluate val-
vular disease using static SE acquisition is consist-
ent with earlier experience (64,66,115). It should
however be kept in mind that in some of the anoma-
lies there were too few cases to permit statistical
evaluation.

The present findings were generally very specific.
However, a somewhat lower specificity was noted
for ASD (84 %), indicating a few false positive diag-
noses. The thin atrial septum can be difficult to visu-
alize on SE images. Using cinc-MR, this pit-fall can
be avoided.

As expected there was some difference in the results
for the experienced radiologists and the fellow.
Good knowledge of both CHD and MR imaging is
necessary. Since the study was retrospective, previ-
ous experience of single cases may have influenced
the result. We did however not find it obvious in any
case.

The included cases were selected by the test leader
(NM) from journal files. In that respect the study
was not totally blinded. If the results of the test
leader (no 4, fig 4) are excluded, the influence of
previous knowledge is decreased. The sensitivity is
then calculated to 78% at the general survey.

Besides the evaluation of the clinical significance of
the findings, the study was merely qualitative. No
attempt was made to define severity or extent of the
anomaly, which of course has clinical relevance.

When more detailed information is requested, such
as prior to surgery, a study more directed to the
region of interest will also yield quantitative data.

Good results of SE MR imaging as the single modal-
ity in evaluating complex CHD have been reported
(64,66). Those results were however based on a con-
census of a panel discussion in each case and the
patients were older than in this study. The reported
material also contained very few vein anomalies.
Good results of SE MR imaging of extracardiac
components of complex CHD in infants are reported
(68), the reviewing was however not blinded. Simi-
lar results has been reported in adolescents/adults
but the number of patients was low (75). Less
encouraging results of MR imaging in CHD are also
reported (65). In one report on adolescents and
aduhs with CHD (67), MR imaging including cine-
MR and flow velocity maps performed well for ext-
racardiac anatomy but less well for intracardiac.
Both cine-MR and velocity maps contributed signif-
icantly to the diagnostic yield of MR imaging. It was
concluded that MR imaging and TEE arc comple-
mentary "second-line" investigations for CHD.
When combined, catheterization can usually be
avoided. Good results of MR imaging in a patient
material similar to ours has been reported (69). The
reviewing was however not blinded.

How does then SE MR imaging compare with
echocardiography in evaluating complex CHD? We
did not perform any comparative study to resolve
that question. Besides all practical considerations, it
seems however from the results of this and other
studies appropriate to conclude, that MR imaging
has some unequivocal advantages over echocardiog-
raphy in diagnosing extracardiac anomalies. For int-
racardiac anomalies, echo-Doppler accuracy and
availability is without doubt preferable.

The pulmonary vascular supply (III, V)

MR diagnosis of aberrant left-sided pulmonary
artery (pulmonary artery sling) was reported by our
group in 1988 (III). MR imaging was already then
established for demonstration of pathologic anatomy
in cardiovascular anomalies (32-36,119,120). Bron-
chography and/or bronchoscopy can be helpful in
the diagnosis of a pulmonary sling but must now be
considered obsolete and too invasive methods. Pul-
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monary angiography provides a definite diagnosis.
Contrast enhanced CT has also been employed for
obtaining the specific diagnosis (121,122).

In our cases and in later reports (50,123) MR pro-
vided full information about the anomaly, even in a
three month old infant (fig 9). The width of the air-
ways can also be asessed (124).

The right and left pulmonary artery are not on the
same level on an axial scan, as can be readily seen at
an angiographic examination (figs 1-2 b, 3 c, paper
III). Different parts of the pulmonary arteries are
therefore sometimes imaged on different slices. MR
with multiple slice technique also leaves a small
intervening space between the slices. Therefore
overlapping sets of scans are sometimes necessary.
In the future this will probably be solved using 3-D
acquisition, at which a large number of very thin
slices can be obtained. With this technique each RF
signal excites the entire imaging volume instead of
just one slice. This requires very fast sequences or
the acquisition will be too time-consuming and the
image blurred from cardiac motion. Information
from the routine multplanar slices can be used to
create a three dimensional surface or volume recon-
struction of the anatomy, either mentally or with the
assistance of sophisticated computer programs not
available at this study (125). This facilitates the
demonstration of cardiovascular anatomy for those
unfamiliar with tomographic images.

One of the major advantages of MR imaging is its
usefulness for evaluating great vessel abnormalities.
A number of surgical procedures used in the treat-
ment of cyanotic heart disease involve the great
arteries or cardiovascular structures outside the
heart. Therefore MR imaging has been used for eval-
uation of postoperative results (79,126-128).

A correct postoperative evaluation of pulmonary
vascular supply was possible in 21 of 27 patients in
this study. The present results are consistent with
those of previous comparable studies (126,128)
regarding the pulmonary arteries. Regarding the
ventricular outflow tract, our results indicate a some-
what lower accuracy. In one of the referred reports
(128), cine MR was also used as a complement to
SE. Three of the missed stenoses in our report were
subvalvular, located in the VOT. These subvalvular

stenoses were however moderate. From dynamic
studies it is well known that moderate subvalvular
stenoses often change appearance during the heart
cycle.This may be the cause of the inconsistent
result when static SE acquisition is used. A more
sophisticated equipment capable of dynamic studies
should be more sensitive in detecting dynamic sten-
oses. The same is true for stenoses due to calcifica-
tions, which cause signal void on MR images. This
has also been pointed out in a recent study (67).

There is however a risk of overestimation of sten-
oses at gradient-recalled cine-MR imaging. Mere
vessel wall irregularities are reported to cause signal
void due to turbulent flow, in the absence of signifi-
cant pressure gradient (37). This indicates flow
velocity mapping, if possible, when signal void is
present on the gradient echo images. Accurate veloc-
ity mapping using using phase information has been
reported for jet velocities up to 6.0 m/s (129). The
method is however not yet clinical routine at CHD.

Static SE imaging can also provide some physiolog-
ical information. The MR signal in the pulmonary
arteries is correlated to flow rate. When such a signal
is observed, it is a sign of slow flow conditions and
pulmonary hypertension (130). However, only
severe pulmonary hypertension was detectable and
the method has not gained widespread acceptance. If
this effect is to be avoided, a technique that presatu-
rates blocks of tissue "upstream" from the area of
interest can be used.

The most frequent problem after arterial switch is
known to be supravalvular pulmonary stenosis
which occurs at the site where the coronary arteries
were removed from the original aortic sinuses. Here,
MR imaging should be excellent. No such cases
were however present in our material.

Various degrees of prominence of the widening
patch or conduit used at surgical repair of TOP is
occasionally observed. The formation of a trouble-
some aneurysm is however uncommon (131,132).
The dilatation engages the ventricular wall adjacent
to the patch. The condition can be suspected on
chest X-ray (fig 5 a, paper V). However, even a large
aneurysm located centrally can be overlooked (fig 6,
paper V). If rapid growth is observed or if right ven-
tricular pressure is significantly increased, surgery
has to be considered.
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As expected, all aneurysms were adequately
depicted with MR.

In all but five cases postperative pathological MR-
findings were supported by invasive data (ACC
and/or surgical/post mortem findings). In one case
an RPA-stenosis was supported by echo-Doppler
and scintigraphy. In four cases pathological MR
findings were supported only by echo-Doppler.
Additional invasive studies were not carried out in
these patients. This is a limitation of the study. How-
ever, the main problem with echo-Doppler is to
achieve a usable acoustic window. When such is
present, echo-Doppler is considered reliable. In two
cases there were disagreement between MR and
echo-Doppler regarding left and right pulmonary
artery stenosis. However, preoperative ACG
showed stenoses supporting the MR-findings. In
several cases the time interval between MR and
invasive studies was long. However, in most cases
findings at MR and ACG agreed.

Increased frequency of arrhythmias can appear after
surgical repair of TOP and atrial correction of TGA.
In this study, no image deterioration secondary to
gating problems was experienced.

MR imaging is now recognized as a most effective
technique for demonstrating the morphology of
complex operations used in the treatment of CHD.
The method is capable of demonstrating size and
patency of conduits and anastomoses, pseudoaneu-
rysm formation, hematoma and abscess in the post-
operative region. The size and interval growth of the
hypoplastic pulmonary arteries in TOP after pallia-
tive aortopulmonary shunting can also be monitored.
If subsequent pulmonary artery growth is adequate,
a complete repair may be possible. As in other tomo-
graphic techniques, care must be taken to avoid
errors due to partial voluming. Due to limited spatial
resolution SE MR imaging fails to demonstrate
intrapulmonary segments of the lung vessels beyond
the level of the first hilar branches. This shortcoming
makes diagnosis of peripheral stenoses impossible.

As mentioned above, echo-Doppler sometimes has
problems with artifacts from bone or air-filled lung.
MR has none of these drawbacks and is therefore a
good complement when extracardiac structures are
studied, espcially in older children in whom also the

thorax size may affect echo-Doppler accuracy. This
is exemplified by the ability of MR to depict pulmo-
nary blood supply, airway and esophageal compres-
sion (124,133) and anomalous venous return
(80,134-138). When this is the clinical issue, MR is
the method of choice.

Vein anomalies (IV)

The detection of anomalous veins can be of great
importance, e.g. in patients being considered for the
Fontän procedure. In this procedure, the caval veins
are directed to the pulmonary artery. If a pulmonary
venous connection to the systemic vein circuit is
present, there will be no perfusion gradient in the
anomalously drained lung portion. If a VCSS is
present and if it opens in the CS, a sizeable postoper-
ative right-to-left shunt is a result if the CS opening
is to the left of an intraatrial patch.

As mentioned above anomalous pulmonary venous
return was in this study, opposed to other results
(80,138) and in contrast to ASVR, unexpectedly dif-
ficult to detect. The design of our investigation,
using five blinded reviewers with different previous
experience individually, probably was infavourable
in comparison with the other reports showing excel-
lent results. At the detailed study of anomalous
veins, which took place at a special occasion, the
recognition was better. The sensitivity increased
from 66% to 80%. The learning effect is probably
important. The result was somewhat impaired when
the exact way of drainage was considered. Further
analysis showed that this was mainly due to difficul-
ties to sec if a VCSS drained into the LA or had a
narrow junction with the CS.

The better result in detecting ASVR compared with
TAPVR and PAPVR can be explained by the fact
that anomalous systemic veins often run parallell to
the standard imaging planes.

MAGNETIC FIELD STRENGTH

The question of field strength is central in MR
imaging. Low field systems use permanent or resis-
tive magnets with a vertical field and operate at a
field strength of up to 0.3 T. Middle field equipments
usually work at 0.5 T with a superconducting mag-
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net with a horizontal field orientation. High field
superconducting magnets usually \\~ork at 1.0-1.5 T
with a horizontal field orientation. In recent years
the interest has been focused on high field strength
equipment. The main advantages are great stability
and a high S/N ratio (139). With high field equip-
ment a more favourable compromise between spatial
resolution and imaging time can be achieved.

Besides faster acquisition a high field equipment
with fast gradients considerably improves the possi-
bilities for "functional imaging", i.e. cine-MR, MR
angiography (MRA) and flow velocity measure-
ments (95,96). The use of gradient echoes allows for
shorter TE and TR. Fast cardiac imaging using gra-
dient-recalled echoes has now been established, first
for adults (103,140) and more recently for children
(141-143). With a narrow flip angle and gradient-
recalled echoes, "fresh" unsaturated protons in rap-
idly flowing blood entering the imaging plane will
appear bright compared with the more or less satu-
rated stationary tissue in other sections of the image.
Multiple equally orientated imaging planes are laced
together sequentially to produce a cine-type movie.
This is useful for the evaluation of valve motion,
flow characteristics and ventricular dynamics. This
study and other reports show that the ability to eval-
uate valvular and subvalvular disease using static SE
acquisition is limited. The same is true for stenoses
due to calcifications, which cause signal void on MR
images. Here, dynamic studies using more sophisti-
cated equipment are more sensitive.

Phase encoded flow velocity mapping is accom-
plished by placing a phase encoded slice perpendic-
ular to the direction of flow, e.g. in the main
pulmonary artery. The phase difference within the
vessel compared with other sections of the tomo-
graphic slice is induced by the magnetic gradient
along the flow direction and it is directly propor-
tional to the flow velocity (95,96,106). In this way
flow quantitation at shunt lesions and stenosis gradi-
ents can be estimated. The clinical applications and
potentials of flow measurements are however less
well documented in CHD. MRA using projective
display of fast imaging sequences is promising in
the evaluation of the thoracic vessels. It has however
still technical limitations that has to be solved before
it can be routinely used in CHD (144).

There are certain draw-backs associated with the
high field equipment. It is more expensive, both in
investment and maintenance. Repeated supply of
liquid helium and nitrogen is required for cooling
(19). The strong magnetic field is horizontal which
may cause risks of bringing metallic objects into the
scanning room. The construction of the horizontal
field scanner covers most of the patient making
direct visualization difficult and the risk of claustro-
phobia is higher than in a more open equipment.
Artifacts from metal objects, such as postoperative
sternal wires, increase with field strength and are
intensified on gradient echo sequences. However
with our 0.3 T equipment this did not interfere with
cardiovascular structures in any patient. Generally
high field MR units utilize higher gradient strengths.
This causes increased noise within the gantry, espe-
cially during gradient-echo imaging, an often over-
looked disadvantage. It increases the need for
general anesthesia in children. Moreover, the gradi-
ent strengths may increase flow-induced artifacts,
since phase shifts increase with gradient strengths
(95). This phenomenon is however used for some of
the aforementioned dynamic features.

Thus there are some advantages with low vertical
field equipment. It has lower sensitivity for artifacts
due to motion, chemical shift and magnetic suscepti-
bility. It can be installed without magnetic shielding,
close to other activities in the radiologic department.
The vertical field has lower stray field effect on sur-
rounding equipment in the room. The lower S/N
ratio is to a certain extent compensated by the possi-
bility to use orthogonal surface coils around the
patient, close to the regions of interest. Deep struc-
tures, hardly seen using planar surface coils, are then
possible to depict.

FUTURE ASPECTS

An increased intrest in low field equipment has been
noted recently. Indeed, one of the current aims in
design of MR scanners is to obtain high-quality
images with lower magnetic field strengths. This
may be accomplished using advanced coil technol-
ogy, improved magnetic field homogeneity and
improved gradients. The gradients are not powered
at all times. The time it takes from zero to full gradi-
ent amplitude is known as the rise time. It should be
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as short as possible. Variants of ultra-fast imaging
employing the ultra-fast echo planar technique has
been developed also at low field strength (145).
Niche MR units are developed, mainly for the study
of the extremities, particularly joints. New concepts
with a more open equipment using low vertical mag-
netic field strength have also been introduced and
their numbers of units at work are increasing.

There is a rapid increase in the number of MR units
all over the world. 20 MR units were at work in
Sweden in 1992. At present (1995) the total number
is 45, of which 26 scanners are operating at 1,0 T or
more (146). The trend in Sweden is towards high
field strength. At the centres with the very special-
ized treatment of CHD, high field equipment is now
available. The possibility of velocity encoded cine
MR imaging for evaluation of dynamic information
is increasingly used, however not yet established at
all centres.

Still the conventional SE imaging plays the most
important role in cardiac imaging and the low field
strength equipment will probably be used at many
units even in the future. Thus, it is important to be
able to demonstrate cardiovascular anomalies also at
lower field strength. In this study we performed a
systematic evaluation of the possibilities of static
cardiac MR imaging for anatomic information at 0.3
T. We found imaging at 0.3 T to be an efficient non-
invasive tool with certain limitations.

Looking back, MR imaging for anatomic informa-
tion was developed in the carl}- 1980s. In the late
1980s static MR imaging was clinical routine and
fast, dynamic imaging was developed. In the early
1990s semiquantitative cine MR for cardiovascular
purposes became clinical routine at high-field cen-
tres and quantitative velocity-encoded methods for
flow characterization were developed.

Cardiac cine-MR will in the future be further
improved. Flow velocity measurements for evalua-
tion of shunt flow and pressure gradients across sten-
oses will be clinical routine in the near future.
Improved echo-planar imaging will probably play an
important role for near real-time imaging. Projective
MRA will probably be commonly used for central
and peripheral thoracic vessels. Sophisticated three-
dimensional reconstructions of complex anatomy
will be routinely available. Perhaps specialized MR
sequences will in the future also give oximetric
blood and tissue data (147). The increasing number
of interventional devices and surgically placed pros-
theses may reduce the diagnostic capacity of MR
imaging.

In the future a limited number of cardiac catheteriza-
tions will be carried out for direct measurements and
for therapy. Due to availability, accuracy and cost
echo-Doppler will remain as first choice diagnostic
method for evaluation of CHD. MR imaging is a val-
uable complement and its importance will increase.
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CONCLUSIONS

1) Accurate planning of acquisition parameters is
necessary. The most important factors for image
quality in cardiac SE imaging in the experimen-
tal small animal were ECG-gating and number
of excitations.

2) The half -elliptical surface coil concept provides
an inexpensive and efficient way of improving
imaging of the upper pediatric chest, increasing
the signal-to-noise ratio approximately by a fac-
tor of 2. It can be used for depiction of anoma-
lies in the aortic arch, the pulmonary arteries and
systemic and pulmonary veins.

3) MR imaging at 0.3 T provides complete ana-
tomic information about pulmonary artery sling.
When available, MR should be the modality of
choice for further examination when the diagno-
sis is suggested at conventional radiography

4) MR imaging at 0.3 T is a valuable tool in the
diagnosis of complex CHD, providing a sensitiv-
ity of 80%, a specificity of 96% and an accuracy
of 92% when used by experienced radiologists.

5) MR imaging at 0.3 T is an efficient non-invasive
tool for postoperative evaluation of the pulmo-
nary vessels. Non-valvular stenoses and aneu-
rysms are depicted in detail.

6) The ability to evaluate valvular stenoses,
dynamic stenoses or stenoses containing calcifi-
cations is limited using SE MR imaging.

7) The examiner should be experienced both in
CHD and MR imaging.

8) Even under optimal conditions cardiac imaging
at 0.3 T is at present time-consuming. A reliable
routine for sedation or anesthesia is necessary
for younger children.
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SAMMANFATTNING

Varje år föds i Sverige omkring 100 000 barn. Ca
1000 av dessa har någon form av medfött hjärtfel.
En del av dessa har lindrigt hjärtfel som inte kräver
någon speciell behandling. Övriga kräver kirurgisk
och/eller medicinsk behandling och fortlöpande
kontroller för att hjärtat skall kunna arbeta så nor-
malt som möjligt. I Sverige opereras årligen 700-
750 hjärtsjuka barn.

Både de medicinska och kirurgiska behandlingsme-
toderna har förbättrats påtagligt på senare år.
Behandling insattes tidigare, ofta i nyföddhets- eller
spädbarnsperioden. Behandlingen är ofta botande
och inte bara lindrande. Ett ökande antal hjärtsjuka
barn botas och når vuxen ålder. Detta har ökat beho-
vet av skonsamma undersökningsmetoder för upp-
följning och kontroll av behandlingsresultatet.

Vanlig hj ärt-lungröntgen användes i stor utsträck-
ning för diagnostik vid hjärtfel. Metoden ger en
mycket grov uppfattning om vilken typ av hjärtfel
som föreligger och om hjärtat sviktar. För att få mera
detaljerade upplysningar har man tidigare behövt
föra in katetrar via blodkärlen in till de olika hjärt-
rummen och under röntgenfilmning spruta kontrast-
medel. Detta är ett ingrepp i patienten och medför
vissa risker för tex blödning, hjärtrytmrubbning, cir-
kulationsbelastning och överkänslighetsreaktioner.
Vid kateteriseringen kan också provtagning och
tryckmätningar utföras i de olika hjärtrummen,
information som svårligen kan erhållas på annat sätt.
Via katetrar kan också vissa behandlande ingrepp
utföras. Hjärtkateterisering kommer därför även i
framtiden att utföras i begränsad omfattning.

För ca 20 år sedan började diagnostiskt ultraljud
användas vid medfödda hjärtfel. Metoden har fått en
enorm betydelse vid omhändertagandet av dessa
barn. De flesta hjärtfel har kunnat diagnosticeras
skonsamt utan ingrepp. Metoden har dock vissa
svagheter som beror på ultraljudsvågornas begrän-
sade förmåga att tränga igenom vissa vävnader.
Strukturer som ligger bakom skelettdelar eller luft-
förande lunga kan vara svårbedömda, särskilt om de
ligger djupt in i kroppen på lite större patienter. De
stora blodkärlen utanför hjärtat i bröstkorgen är ofta

engagerade vid olika hjärtfel och kan vara svårbe-
dömda med ultraljud.

Den nyaste bildgivande metoden för hj ärtdiagnostik
utan ingrepp är magnetisk resonanstomografi (MR),
i dagligt tal kallad magnetkamera. Fenomenet käm-
spinnresonans har varit känt i 50 år. Den första MR-
bilden på människa gjordes för mindre än 20 år
sedan. Man började då få tillgång till tillräckligt
kraftfulla datorer som kunde behandla de stora
informationsmängder som behövdes. Metoden har
använts kliniskt i drygt 10 år och har haft en revolu-
tionerande effekt på diagnostik inom centrala nerv-
systemet och inom rörelseapparaten. Metoden
lämpar sig också för hjärt-karldiagnostik. Enkelt
uttryckt bygger metoden på en radiokommunikation
med vätekämorna i kroppens vävnader, som befin-
ner sig i ett starkt magnetfält.

Utrustning med olika magnetiska fältstyrkor finns.
Man brukar skilja på hög- resp lågfältsmaskin. Det
finns vissa fördelar förknippade med lågfältsutrust-
ningen. Den är billigare. Installationen är enklare
med mindre behov av avskärmning av det starka
magnetfältet. Den lägre fältstyrkan minskar också
risken för oönskad påverkan av kringutrustning i
lokalen. Det kan tex röra sig om elektronisk utrust-
ning för övervakning av patientens vitala funktioner.
Ingen regelbunden tillförsel av kylmedel till magne-
ten behövs. Vidare har maskinerna med lägre fält-
styrka oftast en riktning på magnetfältet som
underlättar en gynnsam utformning av antennspolen,
som uppfångar signalerna från kroppens vävnader.

På senare år har intresset mest fokuserats på hög-
fältsutrustning. Den största fördelen med denna är
att man får starkare signaler från vävnaderna. Bild-
upptagningen går också snabbare och möjligheterna
för avbildning och mätning av av dynamiska för-
lopp ökar. Högfältsutrustningen har dock också en
del nackdelar. Den är dyrare, både i inköp och
underhåll. Risken för påverkan av metallföremål och
magnetismkänslig apparatur, tex övervakningsut-
rustning, i undersökningsrummet ökar. Ljudnivån i
maskinen blir högre, vilket ökar behovet av narkos
vid barnundersökningar. Olika typer av störningar i
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bilden ökar. Patientutrymmet är mer slutet, vilket
ökar risken för cellskräck.

I denna studie har vi försökt klarlägga hur långt man
kan komma med enkel iågfältsutrustning vid dia-
gnostik av medfödda hjärtfel på bam.

Delarbete l

Hjärtdiagnostik med magnetkamera av lågfältstyp är
tidskrävande. Varje uppsättning av parallella skikt-
bilder, sk tomografiska snitt, tar med denna utrust-
ning ca 10 min. Patienten måste under denna tid
ligga helt stilla, bortsett från rörelser pga hjärtverk-
samhet och andning. Den totala undersökningstiden
för varje patient är ca 60-90 minuter.

Inför undersökningen måste ett stort antal apparatin-
ställningar göras. Dessa inställningar påverkar bild-
resultatet och ofta även undersökningstiden. För att
göra undersökningarna så effektiva som möjligt
gjordes försök med hjärtundersökning på kanin.
Kaninens storlek var jämförbar med ett nyfött bam.
Åtta principiellt olika apparatbundna inställnings-
funktioner, sk maskinparametrar, studerades med ett
antal olika inställningar av varje parameter. För sex
av parametrarna kunde avbildningen förbättras jäm-
fört med en grundinställning. Resultaten användes
för att definera ett lämpligt undersökningsprotokoll.
De viktigaste faktorerna för god bildkvalitet var
EKG-styrning och, inom viss gräns, antalet gånger
radiosignalen upprepades.

Delarbete 2

Radiokommunikationen med vävnaderna vid MR-
diagnostik sker via antenner, sk ytspolar, placerade
nära undersökningsobjektet. Vid låga magnetiska
fältstyrkor har antennspolarnas utformning extra stor
betydelse eftersom signalstyrkan från kroppens väv-
nader är proportionell mot fältsyrkan. Ett vertikalt
magnetfält har fördelen att en cirkulär ytspole kan
läggas runt patienten. Detta kompenserar i viss mån
för den lägre signalstyrkan vid lågfälts-MR.

Ett problem har varit att erhålla god signalstyrka
från övre delen av bröstkorgen. Här finns de stora
centrala blodkärlen som ofta är engagerade vid med-
födda hjärtfel. En ny ytspole som har utformats spe-
ciellt för denna region har utprovats. Jämförelse med
tidigare använda ytspolar har visat bättre signal från

övre delen av bröstkorgen när den nya spolen använ-
des. Signalstyrkan från detta område var omkring
dubbelt så hög som med tidigare använda ytspolar.
Den nya spolen har också kommit att användas
rutinmässigt vid vissa frågeställningar.

Delarbete 3

MR är en bra metod för att avbilda de stora blodkär-
len i bröstkorgen. En grupp av missbildningar här är
de s k kärlringarna. Vid dessa missbildningar omslu-
tes luftstrupen och matstrupen av en ring av blodkärl
som kan kraftigt förtränga luftstrupen och ge allvar-
liga andningssvårigheter. Återkommande lungin-
flammationer är också vanligt. En ovanlig typ av
missbildning är abnormt förlöpande vänstersidig
lungartär. Denna går då i en slynga runt luftstrupen
innan den når vänster lunga. Tillståndet kan misstän-
kas på vanliga röntgenbilder med kontrastmedel i
matstrupen. Det finns dock andra tillstånd som kan
imitera fyndet och diagnosen måste säkerställas med
vidare utredning. Tidigare har detta krävt en hjärtka-
teterisering.

I 3 fall av denna ovanliga missbildning visades att
magnetkameran ger fullständig anatomisk informa-
tion om tillståndet.' Påverkan på luftstrupen kan
också bedömas.

Delarbete 4

Komplexa hjärtfel med många olika enskilda kom-
ponenter är en diagnostisk utmaning. Både själva
hjärtat och de stora blodkärlen i bröstkorgen är ofta
engagerade. Sedan ultraljudsundersökning började
användas vid medfödda hjärtmissbildningar har
diagnos utan hjärtkateterisering ofta varit möjlig.
Det kan emellertid vara svårt att fastställa alla ingå-
ende komponenter och här kan magnetkameran ge
ytterligare värdefull information.

I detta delarbete har fyra barnröntgenspecialister var
för sig eftergranskat MR-undersökningar av 45 fall
av hjärtmissbildningar med flera olika ingående
komponenter. Totalt fanns i materialet 165 missbild-
ningar fördelade på 18 olika diagnoser. Med undan-
tag av författaren, som också deltog i
eftergranskningen, hade man inte tillgång till någon
information om det aktuella sjukdomstillståndet.
Granskningen gjordes individuellt, någon gemen-
sam diskussion av fynden gjordes ej. Avsikten var
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att ta reda på hur känslig lågfälts-MR som enda
diagnostiska metod var. Mycket få resultat av
sådana undersökningar har tidigare rapporterats. De
rapporterade resultaten har ej heller varit entydiga.
Goda resultat har tidigare rapporterats på något äldre
patienter och där granskningsresultaten utgjordes av
gemensam slutsats efter diskussion av fynden.

Sammantaget påvisades i denna studie 80 % av de
enskilda missbildningarna. Förmågan att utesluta
sjukdom var 96 %. Vid angivande av sjukdom
stämde detta i 88 % av fallen. Vid uteslutande av
sjukdom stämde detta i 93 % av fallen. Andelen kor-
rekta svar, positiva eller negativa, var 92 %. Vid
sidan av ovan beskrivna undersökning deltog också
en barnröntgenolog under utbildning. Resultatsiff-
rorna blev härvid som förväntat något lägre, erfaren-
het både av medfödda hjärtmissbildningar och MR
diagnostik erfordras av undersökaren.

En speciell granskning av venmissbildningar i bröst-
korgen gjordes också. Sammantaget påvisades 85 %
av de onormalt förlöpande venerna. När man också
skulle ange exakt var de mynnade sjönk känslighe-
ten till 79 %.

"Facit" utgjordes av all kunskap man hade om
patienten. Alla hade genomgått hjärtkateterisering
eller operation.

Delarbete 5

Detaljerad kunskap om lungomas blodförsörjning är
grundläggande vid medfödda hjärtfel. Många kirur-
giska ingrepp avser att normalisera över- eller
undercirkulation eller omleda blodflödet till eller
från lungorna. Utvecklingen ställer stora krav på
uppföljning. Upprepade diagnostiska ingrepp såsom
hjärtkateterisering bör undvikas. MR kan därför vara
ett gott komplement till ultraljud.

MR-bilder på 27 barn som tidigare hade opererats
med avseende på blodförsörjningen till lungorna
eftergranskades. 27 lungartärförträngningar fanns
hos barnen. 20 av dessa påvisades på MR-bilderna.
Fem av de missade förträngningarna var belägna i
eller i närheten av lungartärklaffen. Här är bedöm-
ning av "stillbilder" sålunda mindre känslig.

I materialet fanns också fyra kraftiga lokaliserade
kärlvidgningar, sk aneurysm. MR-bilderna gav full-
ständig anatomisk information om samtliga.

Sammantaget gav MR-undersökningen en korrekt
värdering av blodkärlen till lungorna 121 av 27 ope-
rerade patienter.

Den tekniska utvecklingen går mycket snabbt. Allt-
mer avancerad apparatur med ytterligare sofistikerad
programvara kommer fram. Detta förbättrar pre-
standa både på hög- och lågfältsutrustningar.
Utbyggnaden i landet och globalt går också snabbt.
1992 fanns 20 magnetkameror i Sverige, våren 1995
hade antalet ökat till 45. På senare år har intresset
mest inriktat sig på sk högfältsutrustning med
mycket starkt magnetfält. Den statiska avbildningen
går emellertid i princip lika bra att utföra med låg-
fältsmaskin. Dessa "stillbilder" spelar också förfa-
rande en avgörande roll även om högfältsutrustning
användes i hjärtdiagnostiken.

Magnetkameran har således etablerats som en effek-
tiv diagnostisk metod för bedömning av medfödda
hjärtfel. På grund av tillgänglighet, kostnad och
ackuratess kommer ultraljud att vara förstahandsme-
tod för närmare diagnostik även i framtiden. Mag-
netkameran är ett viktigt komplement och dess
betydelse kommer att öka.
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ABSTRACT
The aim,of this study-was to systematically evaluate the potential of static
MR imaging in congenital heart disease. As low field equipment was first
available, and continues to be used, the experience with this type of iraager
is reported.

Accurate parameter setting is of the greatest importance for efficient car-
diac scanning. In small experimental animals, ECG gating and number of
excitations were the most important parameters for image quality.

Surface coil-performance is crucial, especially at low field strength. A new
half-elliptical coil concept is presented and compared in vitro with standard
surface coils., For the upper thorax the experimental coil compared well
with standard coils. , •

f

The diagnosis of vascular rings, causing significant .respiratory morbidity,
previously required invasive methods for diagnosis. In aberręnt left pul-
monary artery, an uncommon anomaly, MR imaging at O.3 T provided com-
plete anatomic information. .

"̂  "" .»»

i

Complex congenital heart malformation is a diagnostic challenge. MR imag-
ing at 0»3 T was efficient in defining most of-the components of complex
disease. It is especially valuable for imaging of extracardiac structures,
which can be difficult to evaluate using echocardiography.

Many surgical procedures used in congenital heart disease affect the pul-
monary vascular supply. Non-invasive methods are especially important in
repeated postoperative monitoring. MR imaging at 0,3 T was efficient in
evaluating the non-valvular parts of central lung vessels.

MR imaging is an important complement to echocardiography. Improved
equipment with sophisticated dynamic applications using high magnetic
field strength is now available. The anatomical evaluation of congenital
heart anomalies is however still based on static images, arid low field
magnets will certainly be used even in the future. It is important to be able
to demonstrate cardiovascular anomalies also with this type of equipment.
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