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ECG-GATED DYNAMIC MAGNETIC RESONANCE IMAGING
METHOD FOR EXAMINATION OF THE PIG HEART
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A dynamic magnetic resonance imaging (MRI) method was developed for
in vivo examination of the pig heart. Measurements were carried out on 15 meat-
type pigs of different liveweight using a 1.5 T equipment. Inhalation anaesthesia
was applied, then data acquisition was synchronised by ECG gating. Depending
on the heart rate and heart size, in each case 8 to 10 slices and in each slice 8 to 14
phases were acquired prospectively according to one heart cycle. During the post-
processing of the images the left and the right ventricular volumes were deter-
mined. The values measured at 106 kg liveweight are 2.5 times higher than those
obtained at 22 kg, while the ejection fractions are equal. The calculated cardiac
output values were 3.5 1 (22 kg, 132 beats/min.), and 6.0 1 (106 kg, 91 beats/min.),
respectively. After measuring the wall thickness, the contraction values were also
determined for the septum (70%), and for the anterior (61%), posterior (41%) and
lateral (54%) walls of the left ventricle. Three-dimensional animated models of
the ventricles were constructed. Based on the investigations performed, the pre-
conditioning, the anaesthetic procedure, the specific details of ECG measurement
and the correct MR imaging technique were worked out.
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The cardiovascular system of swine has been studied since the age of Har-
vey, the 18th century. From the result of these studies it is clear that the human
and the porcine heart are highly analogous in terms of electrophysiological and
immunological properties, the capacity to adapt to physical load and the relative
heart weight values (Bowman and Hughes, 1984; Hughes, 1986; Smith et al.,
1997; Crick et al., 1998). This has made the pig a very important animal model
for human medical research (Parker et al., 1987; Swindle, 1992).

The selection for high lean meat percentage in the carcass plays an im-
portant role in the disadvantageous changes of the circulatory system and the
heart in an animal species that has less favourable physiological characteristics
(Riihl, 1971). It has been known for a long time that, of all domesticated species,
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the pig has the smallest heart in terms of relative heart weight, which ranges
from 0.27 to 0.35 per cent (Bergmann, 1884, cit. Stiinze et al., 1959). This value
varies between 0.8 and 0.9% in piglets and between 0.4 and 0.5% in growing
pigs (Renk, 1951). The developmental process and the performance of the heart
fail to keep up with those of the skeletal musculature. Due to this fact, peripheral
or central circulatory deficiency may develop, and events causing normally un-
important stress (e.g. movement of fattening pigs, veterinary treatment, grouping,
hierarchical fights) can result in sudden death (Topel et al., 1968; Sybesma and
Eikelenboom, 1969). Thus, already a minor physical load can lead to a substantial
increase of the heart rate. Above the critical limit of 170 beats/min, the ventricular
systole is so short timed that the onset of atrial contraction precedes the end of
ventricular contraction, which in turn impairs the normal haemodynamic state.
As the depots of the porcine heart are quite low, even a short period of tachycar-
dia can lead to its exhaustion (Téth, 1993).

From the point of view of pork production, cardiovascular diseases repre-
sent serious problems during fattening. According to Schoder et al. (1993) and
Vrbanac et al. (1997), some 14 to 18% of the total number of deaths have a cir-
culatory problem in their background. Recently many investigators have reported
on similar problems in other species selected for many generations for rapid
growth and high carcass meat content. In case of broilers and turkeys Shapiro et
al. (1998), Martinez et al. (1998), Horn (2000) and Horn et al. (2000) have es-
tablished that the relative heart weight and, consequently, the performance of the
circulatory system have markedly decreased as compared to earlier genotypes
characterised by a much lower growth and meat production potential.

The aim of this work was to work out an ECG-gated dynamic magnetic
resonance imaging (MRI) method suitable for characterising the circulatory sys-
tem of pigs of distinctly different genotypes.

Materials and methods

Measurements were carried out on 15 meat-type (Hungarian Large White
x Belgian Landrace X Pietrain x Norwegian Landrace) swine of different
liveweights (between 22 and 106 kg). The investigations were performed at the
Diagnostic Institute of the Kaposvar University using a Siemens Magnetom Vi-
sion Plus type magnetic resonance tomograph equipment of 1.5 T magnetic-field
strength. Before the examination a pulse meter (POLAR Horse Trainer Basic)
was fixed on the chest, to facilitate continuous monitoring of the changes in
pulse rate. Simultaneously, ECG was carried out with an Innomed Heart Copy
mobile ECG unit.

The basic condition of a successful MRI procedure is quiet general an-
aesthesia with as little motion as possible. This involves less risk in piglets, but
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in animals of higher liveweight or with a relatively high fat ratio, shock sensitiv-
ity and the narcotics dissolved in the fat tissue cause serious problems. Anderson
(1973) published a comprehensive study on possibilities of anaesthesia in the
porcine species. For routine purposes, ketamine-based narcosis was regarded as
the ideal solution for many decades (Fébel and Babinszky, 1988). Since 1990,
endotracheal intubation with inhalation anaesthesia has become widely known
and used (Gasthuys et al., 1990; Roussi et al., 1996).

In functional heart examinations the artefact caused by movement can be
avoided by cardiac gating, with quick and motion-compensating sequences (gra-
dient echo, echo planar, snapshot Flash) (Petterson, 1998). By the ECG gating of
the investigation the data acquisition has to be synchronised with the rhythmic
motion of the heart. Using the ECG triggering the start of acquisition can be op-
tionally modified related to the ECG R-wave (Stark and Bradley, 1992). As a
first step of the development process, Feinberg et al. (1984) applied a flow-meter
fixed on one lip which guided the MRI data acquisition and attempted to quan-
tify the flow as well. As an alternative way, peripheral gating was used, where
the plethysmograph was logged onto a finger in the investigations of Enzmann
and Pelc (1993).

The first dynamic MRI examinations were described by Mansfield (1977).
Highly modern imaging techniques were widely applied to determine the func-
tion of heart cavities mostly after 1980. Doyle et al. (1983) elaborated the basic
methodology for the clinical applications after having tested the procedure on
pigs. To determine the functional parameters of the human heart, first Longmore
et al. (1985) carried out such examinations. The functional and bioenergetic con-
sequences of infarction were studied by Zhang et al. (1996) in pigs. The ven-
tricular mass was measured by an automatic contours detection method (Furber
et al., 1998). Left ventricular contractility is decreased following myocardial in-
farction in the pig as established by Setser et al. (2000) by means of cine mag-
netic resonance imaging.

Results and discussion

The pulse was monitored continuously from the relaxed state prior to an-
aesthesia until the deep narcosis. Shortly before the MR examination the pulse
meter was removed, as during the examination time the MRI equipment was re-
sponsible for the monitoring. The pulse registered during the total time was that
according to the relaxed state. The electrocardiogram attained from the foregoing
time of examination gave accurate information about the overall conditions and
the anaesthetic possibilities concerning each animal.

For premedication of the animals, combined narcotics were used intra-
muscularly. This premedication consisted of SBH ketamine (Produlab Pharma;
12-15 mg/kg body weight) and Rometar (2%) (Spofa; 0.05-0.1 mg/kg body
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weight). This was followed by inhalation anaesthesia through a narcotic mask,
using 3 vol. % isoflurane (Abbott Lab.), until total relaxation, when the animals
were intubated and attached to a narcotic unit (Penlon evaporator, Ohmeda flow-
meter). Using endotracheal intubation the difficulties (impeded respiratory
movements, mostly in dorsal position) arising from the very specific porcine
anatomy (i.e. tight larynx and trachea) could be avoided. Continuous deep narco-
sis was obtained using 1.5-2 vol. % Isoflurane (0.14 ml/min—0.28 ml/min, for
piglets and fattening pigs, respectively) and oxygen. This ensured a quiet and
compensated respiration and, furthermore, a waking up without any side effects.
In our opinion the best solution would be an MR compatible volume-gated an-
aesthesia.

After having shaved the chest area of the pigs, self-adhesive electrodes
(Skintact) were fixed using a contact gel. The animals were then placed into an
MR-compatible special plastic container in ventral position with extended limbs,
and were fixed with belts.

To obtain the proper signal strength from the electrocardiograph, different
electrodes were tried out, as the relatively dense skin, connective tissue and fat
are of lower conductivity. The electrodes fixed on the chest move in synchro-
nism with the respiration, which raises the specific problem of electromagnetic
induction as the cables cross the magnetic field lines. This markedly decreases
the signal-to-noise ratio of the data. The only solution to avoid this was the use
of a special active electrode (Bruker Medical), the sensors of which are located
as the corners of a regular triangle of 5 cm edge length. The electrode attached to
the signal cable was fixed 10 cm from the sternum, left, between the third and
sixth ribs, the other two directed to the left olecranon between the third and sixth
ribs. By this method a strong signal could be obtained even in animals of high
body weight or having a thick layer of subcutaneous fat. During the imaging pro-
cess the animals were continuously observed by a video camera, and their pulse
and ECG were monitored. Before awakening a sedative, Acepromazin (1%) (Al-
brecht, 0.25 mg/kg body weight) was applied intramuscularly.

The MR examination was conducted using ECG-gated sequences. At first,
quick two-plane (sagittal and transverse) images were made to locate the heart
accurately according to the co-ordinate system of the body. Subsequently, local-
isation images of 8 slices were taken in the sagittal, coronal and transversal
planes to locate the longitudinal axis of the heart (acquisition time: 15-20 sec-
onds). These localisation images can be seen in Fig. 1.
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Fig. 1. Sagittal, transversal and coronal plane localisation images

After that, sagittal and coronal one-slice cine images were taken (single-
slice — multiphase) according to the location of the heart. The aim of these two
examination steps is to define the longitudinal and transversal axes of the heart,
on which the transversal plane images are based (angulation).

The dynamic images were taken orthogonal to the longitudinal axis of the
heart, from the apex to the base, covering all ventricles and atria, making pro-
spective data acquisition (Fig. 2). In the coronal images the transversal slices
covering the ventricles are marked as they cross the longitudinal axis.

Fig. 2. Singleslice — multiphase sagittal and coronal images

The data acquisition took approx. 10—18 minutes. Depending on the heart
rate and on the size of the heart, in each case 8 to 10 slices and in each slice 8 to
14 images (phases) according to one heart cycle were acquired (singleslice —
multiphase). The number of phases used in each case depends on the actual heart
rate and the optional repetition time (40 or 60 ms). From the 8 to 10 transversal
slices representing the total heart volume in general 5 to 6 covered the ventricles
(see Fig. 3). The phases applied can be characterized by the following data: TE:
6.8 ms, TR (repetition time): 40.0 ms, 6: 30°, FoV: 400-500 mm, matrix size:
256 x 256 pixels, slice thickness: 9 mm, slice gap: 0 mm.

The MR images have been archived on optical discs. The images in
Siemens Vision image format were converted under Unix OS on a SUN terminal
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and then evaluated using the special software MASS 4.0 (MR analytical software
system). This software was developed by the Medical University of Leiden, es-
pecially to evaluate multiphase-multislice dynamic MR images of heart ventri-
cles. During post-processing the contour of the ventricular epicardium and endo-
cardium, the outline of the left ventricular papilla and the focus of the left ventri-
cle was defined (see Fig. 4).

Fig. 4. Transversal image with the marking of the left ventricular endocardium and epicardium and
the contour of the right ventricular endocardium

Subsequently the left and the right ventricular volume was measured. The
wall thickness was measured at the septum and at the anterior, posterior and lat-
eral walls, 9 mm beneath the atrioventricular valve. The data shown in Table 1
are average values measured during the heart cycle. The left ventricular mass
was calculated from the regions epicardium — endocardium + papillary 1 + pap-
illary 2 (marked in Fig. 4) times 1.05 (g/ml). The calculated ejection fraction is
given as the percentage of the ratio of the stroke volume to end-diastole.

The equal values of the left and right ventricular volume imply the high
accuracy of the measurement and the normal heart function. The ventricular vol-
umes are 2.5 times higher in pigs of 106 kg liveweight than in those weighing 22
kg, adding that the ejection fractions are equal. The calculated cardiac outputs
are 3.51(22 kg, 132 beats/min.), and 6 1 (106 kg, 91 beats/min.), respectively.
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Table 1

Some characteristic data concerning heart performance

LW LVEDV LVESV LVSV LVEF RVEDV RVESV RVSV RVEF LVMass Sept. Ant. Lat. Post.
kg ml ml ml % ml ml ml % g mm mm ~mm mm

22 514 244 27 525 557 286 27.1 487 521 71 61 60 5.0

106 1257 60.1 656 522 1184 525 65.9 557 132 96 76 91 82

Where: LW = liveweight, LVEDV = left ventricular end-diastolic volume, LVESV = left ven-
tricular end-systolic volume, LVSV = left ventricular stroke volume, LVEF = left ventricular ejec-
tion fraction, RVEDV = right ventricular end-diastolic volume, RVESV = right ventricular end-
systolic volume, RVSV = right ventricular stroke volume, RVEF = right ventricular ejection frac-
tion, LVMass = left ventricular myocardial mass, Sept. = septal wall thickness, Ant. = anterior wall
thickness, Lat. = lateral wall thickness, Post. = posterior wall thickness

The changes of the heart cycle over time are depicted in Fig. 5 at the age
of 150 days. The first phase is synchronous with the ECG R-wave which is the
beginning of the isometric contraction. Ventricular volume is at the maximum at
this point. As the ventricular diastole ends (6th to 7th phase), the phase of iso-
metric relaxation begins. The contraction values (septal, anterior, lateral and
posterior: 70%, 61%, 41% and 54%, respectively) calculated from the measured
wall thickness data are characteristic of the condition of the heart musculature.
Cardiomyopathy or local circulatory failures cause a functional anomaly of the
muscle fibres, and decrease the contraction values. The deviation of the ven-
tricular volume and contraction data from the normal values have great diagnos-
tic value.

ml [ JAY JRWV mm
120 —@— septum —a— anterior T 16
—il— lateral —%— posterior
100 A + 14
80 - + 12
60 4 + 10
40 - L
20 - +— 6
0- L4

1 2 3 4 5 6 7 8 9 10 11 12 13 phase

Fig. 5. Left and right ventricular volume, and changes in left ventricular wall thickness measured in
different locations during the heart cycle

Acta Veterinaria Hungarica 49, 2001



282 PETRASI et al.

The applied TR of 40 ms gives the best resolution attainable. To charac-
terise the heart function, it is not necessary to follow the whole cycle; rather, it is
sufficient to cover the phase from the end-diastole to the end-systole. In our rou-
tine procedure, for the right ventricle measurements were made only for the
phases belonging to extreme ventricular values, to control the left ventricular
stroke volume. The time of total data acquisition can be decreased by increasing
the slice thickness which, in turn, impairs the image resolution. By the evaluation
three-dimensional animated models (Fig. 6) of the ventricles were reproduced
after pre-defined contour lines. These provide a unique opportunity for studying
changes in wall thickness and those of the ventricles in motion.

Fig. 6. Three-dimensional reconstruction of the porcine heart in the phases
of end-diastole and end-systole

In this methodological study a dynamic MR imaging protocol of the por-
cine heart was developed. Based on the investigation of 15 animals the precon-
ditioning, the narcotic procedure, the specific details of ECG measurement (i.e.
proper signal transmission) and the correct MR imaging were worked out. On the
basis of the results obtained so far, this method has proven to be well applicable
for the qualitative measurement of the heart, where each investigation takes ap-
prox. 30 to 40 minutes. The method combined with a CT imaging process of the
body gives a favourable opportunity for studying the skeletal musculature to-
gether with the circulatory system. This method is suitable for the examination of
intensive meat-type and extensive fat-type swine from the age of weaning up to
slaughter.
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