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STELLINGEN

1. Toediening van Gadolinium-DTPA verbetert de visualisatie en detectie
van het acute myocardinfarct met MRI.

2. Optimaal contrast tussen geïnfarceerd en normaal myocard op MRI
beelden wordt 20 minuten na intraveneuze toediening van Gadolinium-
DTPA bereikt.

3. Verbeterde visualisatie van geïnfarceerd myocard met MRI en Gadolinium-
DTPA wordt tot 6 weken na het infarct waargenomen; het maximale
effect wordt binnen 1 week na het infarct gezien.

4. De met MRI/Gadolinium-DTPA bepaalde infarctgrootte in het levende
varkensmodel komt goed overeen met de histologisch bepaalde grootte
van het infarct.

5. Veranderingen van linker ventrikel massa kunnen met MRI goed worden
gevolgd in de tijd; het onderzoek naar remodellering van het hart na een
acuut myocardinfarct krijgt hierdoor een nieuwe dimensie.

6. De grootste uitdaging van de MRI is de visualisatie van coronaire arteriën.

7. Tweederde van 40-55 jarige mannen met een te hoog cholesterolgehalte
en een te hoge bloeddruk krijgt géén coronaire hartziekte gedurende een
vervolgperiode van 25 jaar (M.F. Oliver, Br Heart J 1985; 54: 1-5).

8. De 'geringe CK-stijging' na ballondilatatie van een coronaire sténose en
de 'modificatie' van de A V-knoop bij behandeling van AV-nodale
tachycardieën zijn eufemismen voor iatrogeen aangebrachte
beschadigingen van het hart en worden gebezigd om het geweten van de
behandelaar te sussen.

9. De behandeling van een asthma cardiale met 20 mg furosemide
intramusculair is een uiting van decompensatio cerebri van de behandelend
arts.

10. Het 'Intermezzo interotto' uit het 'Concert voor Orkest' van Bartók is de
fraaiste parodie uit de muziekliteratuur.

11. Het afbrokkelen van het communisme in Albanië zal waarschijnlijk tot
een toename van het aantal stoplichten in Tirana leiden.

12. Het afronden van een dissertatie betekent veelal ook de promotie van
huisgenoot tot echtgenoot.

Leiden, 30 oktober 1991
P.R.M, van Dijkman
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CHAPTER 1

INTRODUCTION AND OUTLINE OF THE STUDY



In recent years much progress has been made in the treatment of
patients with ischemic heart disease. For example, coronary
thrombolysis is currently widely used for treatment of patients with
incipient or evolving myocardial infarction, and has been proven to
reduce morbidity and mortality significantly' 2. Despite these
improvements in treatment, more than 17,500 patients died in 1989 in
The Netherlands as a result of acute myocardial infarction3. This
number, representing 14% of all deaths, is indicative of the continuing
great significance of atherosclerotic heart disease during the last
decades. Various thrombolytic agents and regiments are at present
available and new ones are being developed, while other modalities to
reduce infarct size are also under investigation. These therapeutic
developments call for validation methods to determine and compare
the effect of different interventions on the heart and coronary
circulation.

The most serious result of myocardial ischemia is heart cell death.
Therefore, it is of great importance to practicing clinicians and clinical
investigators to have a method available which allows in vivo
identification and quantitation of myocardial necrosis. Ideally the
method should be noninvasive and easy repeatable. Currently available
methods do not fulfill these requirements because they cannot
differentiate accurately between irreversible necrosis of cardiac
muscle and reversible myocardial changes while most methods do not
provide quantitative assessment of muscle loss.

Left ventricular function is a major determinant of long-term survival
after myocardial infarction4. Numerous studies have demonstrated
that, when regional contractile dysfunction is the result of ischemia,
restoration of nutritive perfusion with interventions such as
thrombolytic therapy, coronary angioplasty, or coronary artery bypass
grafting may result in improvement of regional function5 6. Ischemic
myocardium that manifests improved function after appropriate
therapy is considered viable in contrast to persistently dysfunctional,
nonviable myocardium - typically the result of completed infarction.
Accordingly, definitive evidence of myocardial viability after
institution of thrombolytic therapy is improvement in contractile
function78.
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Several methods can be used to analyze left ventricular function.
Echocardiography is frequently used, but echocardiographic findings
are difficult to quantify, especially in the presence of regional wall
motion disturbances after myocardial infarction. In this respect
radionuclide angiography has the advantage that it is not dependent on
edge detection. Quantitative angiography may provide useful
information but has the disadvantage of being an invasive technique.

Obviously, the demonstration of improvement of regional myocardial
function after restoration of flow is not practical in the prospective
identification of jeopardized but viable myocardium to guide
therapeutic interventions in individual patients.
Current imaging modalities have limitations in the differentiation
between viable and nonviable myocardial tissue. However, they allow
diagnostic and prognostic evaluation of patients with ischemic heart
disease including (1) assessment of regional myocardial perfusion and
detection of ischemia (e.g. 2("thallium scintigraphy); (2) detection and
sizing of myocardial infarction (e.g. Wmtechnetium-pyrophosphate
scintigraphy and 2oithallium scintigraphy); (3) determination of
myocyte viability in areas of infarction (e.g. 2O'thallium scintigraphy
and positron emission tomography); (4) assessment of global and
regional left ventricular function (e.g. radionuclide angiography and
x-ray angiography); (5) diagnosis of mechanical complications of
myocardial infarction (e.g. echocardiography and x-ray angiography);
and (6) determination of sites, severity and number of stenoses in
coronary arteries and coronary artery bypass grafts (coronary
arteriography).

With the application of magnetic resonance imaging (MRI) techniques \
in clinical cardiology, an important tool has been added to the currently
available diagnostic arsenal for the evaluation of patients with coronary
artery disease9. Proton nuclear MRI is a noninvasive method which
gives excellent anatomic resolution, provides contrast between tissues
and flowing blood, is intrinsically three-dimensional, and can often
distinguish between normal and abnormal tissue on the basis of tissue
relaxation properties10. The identification of ischemic and infarcted
tissue by MRI has been greatly improved by the use of paramagnetic
contrast agents, such as gadolinium(Gd)-diethylene triamine



pentaacetic acid (DTPA)11. Rather than aiming at competing with
established imaging modalities, nuclear MR techniques are to be used
in those conditions for which they are uniquely suited, that is (1)
myocardial tissue characterization, (2) assessment of regional
myocardial blood flow distribution with contrast agents, (3)
noninvasive angiography, (4) flow imaging of the great vessels, and (5)
in vivo myocardial biochemistry (MR spectroscopy).
The temporal resolution attained by cine MRI has extended the
application of MRI to the assessment of cardiac function12. Cine MRI
can be performed sequentially without causing harm to the patient, so
that the severity of cardiac disease states can be monitored and the
response to interventions determined. Since both the endocardial and
epicardial borders are well defined by MRI, it is possible to assess wall
thickening during the cardiac cycle and to detect regional myocardial
dysfunction. The cinematic display of MR images facilitates
identification of abnormal wall motion during the cardiac cycle.
Regions with previous myocardial infarcts exhibit absent or severely
reduced wall thickening during systole. Although there may be normal
systolic inward motion, the absence of wall thickening indicates that
the infarcted region is only passively pulled inward by traction of the
surrounding normal myocardium13.
The capability of MRI to provide sequential information about the state
of pathologically altered myocardium in combination with assessment
of diastolic wall thickness and systolic wall thickening makes it
potentially suitable for identification of viable myocardium in areas
previously affected by myocardial infarction. The unique features of
MRI like good anatomical and temporal resolution, three-dimensional
capabilities, easy reproducibility, an unlimited field of view and lack of
radiation render MRI an imaging modality which has the potential to
assume increasing importance in the functional evaluation of coronary
artery disease.

[ OUTLINE OF THIS THESIS

i This thesis focuses on one aspect of cardiac MRI for noninvasive
} screening of ischemic heart disease: the identification and

J quantification of acutely infarcted myocardium using Gd-DTPA

': 12



enhanced Tl -weighted MRI in a clinical and experimental setting. The
results of our study have been described in separate articles1418. This
thesis comprises a compilation of these articles.

In Chapter 2, nuclear imaging techniques and computed tomography
for the visualization of jeopardized and infarcted myocardium are
reviewed, especially after the application of thrombolytic therapy.
In Chapter 3 a brief outline of relevant principles of cardiac MRI is
presented.
Chapter 4 discusses the current knowledge of the application of MRI
with and without the use of paramagnetic contrast agents in ischemic
heart disease.
In Chapter 5, the accuracy of MRI using the contrast agent Gd-DTPA in
detection of infarcted myocardium is described. The optimal moment
for imaging after Gd-DTPA administration in patients with acute
myocardial infarction is discussed.
Chapter 6 deals with the potential of Gd-DTPA enhanced MRI to study
the effects of coronary thrombolysis, and the effects of infarct size and
infarct site on myocardial signal intensity.
In Chapter 7 the value of Gd-DTPA in detection of infarcted
myocardium at Tl-weighted MRI at several time points after acute
myocardial infarction is discussed. Also the effect of Gd-DTPA on
myocardium of healthy subjects is described.

To obtain more insight in the evaluation of Gd-DTPA enhanced MRI
to characterize and quantify normal, ischemic and infarcted
myocardium, experimental studies in pigs and isolated rat hearts were
performed.
Chapter 8 outlines the potential of Gd-DTPA enhanced MRI to obtain
quantitative information of normal and infarcted myocardium, left
ventricular ejection fraction and mass with a single MR examination in
growing young domestic pigs before, 1 week and 3 weeks after
surgically induced myocardial infarction.
Chapters 9 deals with the effects of ischemia and reperfusion on
isovolumically contracting rat hearts, and the potential of Gd-DTPA
enhanced MRI to visualize ischemic and reperfused myocardial areas.
Chapter 10 gives a short review of the results of our experimental and
clinical studies and speculates on future developments of the
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application of MRI in the evaluation of patients with ischemic heart
disease.
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CHAPTER2

DETECTION AND SIZING OF
MYOCARDIAL INFARCTION BY SCINTIGRAPHIC

TECHNIQUES AND
COMPUTED TOMOGRAPHY

i

1
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INTRODUCTION

Infarct size is a strong predictor of in-hospital complications as well as
long-term prognosis in patients after acute myocardial infarction.
Assessment of infarct size has become more important nowadays
because of the introduction of therapeutic strategies to limit infarct size
in the acute phase of myocardial infarction. Scintigraphic techniques
for detection of acute myocardial infarction and for estimating infarct
size have been developed and utilized in the past few years, particularly
since the electrocardiogram is not quantitative for assessing the extent
of damage and has only a limited ability for exactly localizing the site of
the infarct. Methods based on myocardial enzyme release are accurate
for infarct sizing but only useful in the hyperacute phase of myocardial
infarction. Many nuclear cardiology studies have been performed for
the detection, localization and sizing of acute myocardial infarction
and for the evaluation of the effects of acute therapeutical interventions
such as thrombolytic therapy and coronary angioplasty. Relative
newcomers for visualizing myocardial infarction are computed
tomography (CT) and magnetic resonance imaging (MRI).

MYOCARDIAL SCINTIGRAPHY

Commonly, the major nuclear medicine procedures are divided into
categories which are related either to the use of (1) radionuclide agents,
such as myocardial perfusion agents, infarct-avid imaging tracers and
metabolic markers, or to (2) various radionuclide procedures, i.e.
single photon emission computed tomography (SPECT), positron
emission tomography (PET), and radionuclide angiography. Most of
these agents and procedures have been applied for studying myocardial
infarct size in patients with acute myocardial infarction.

MYOCARDIAL PERFUSION IMAGING

2OIThallium chloride is at present the most widely used
radiopharmaceutical for myocardial perfusion imaging. After
intravenous administration, 20lthallium distributes in proportion to
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regional blood flow, and myocardial infarction can be diagnosed by the
visually estimated findings of a diminished tracer uptake, i.e. a 'cold
spot' lesion in regional myocardial areas. In 1976, Wackers et al.' have
already shown that planar 2o'thallium imaging is extremely sensitive
(94%) for the detection of acute myocardial infarction when studies are
performed within 24 hours of acute onset. Regarding the assessment of
infarct size, the same group of investigators2 demonstrated a good
correlation between the 2o'thallium defect size and the post mortem
findings in 23 patients who died from acute myocardial infarcts. The
2()'thallium defect size was measured by planimetry of both the
perfusion defect and the left ventricular outline and expressed as a
percentage of the total left ventricular area. In addition, autopsy studies
showed 2("thallium scintigraphy to be unequivocally superior to
electrocardiography in localizing and sizing myocardial infarcts. For
example, infarcts that appeared to be inferior by electrocardiography
may scintigraphically extend into the lateral and/or posterior walls.
The estimation of infarct size by20Ithallium scintigraphy has shown to
be useful in assessing prognosis in patients suffering from acute infarct
upon admission to the coronary care unit. Silverman et al.3 showed that
survival in patients following myocardial infarction was strongly
related to the initially measured 20Ithallium defect size. A quantitative
score based on the 2(llthallium image proved to be more predictive than
conventional variables, either alone or in combination. Tweddel et al.4

showed that infarct sizing acutely provides valuable information in
patients with extensive infarcts in whom the prognosis is poor. With the
advent of thrombolytic therapy, 2Olthallium is increasingly being
employed as a method of assessing efficacy of reperfusion-\ However,
early in the post-infarct period a 2Olthallium perfusion defect is
composite of necrotic and ischemic myocardium, implying that only
after resolution of peri-infarction ischemia the 201thallium defect size
corresponds accurately to the actual infarct size6. This finding is of
major importance in the era of thrombolytic therapy with the goal of
achieving early reperfusion of the infarct related artery and improving
regional myocardial perfusion. Immediate administration of
2<)lthallium after reperfusion overestimates the amount of viable tissue
due to hyperemic flow7, but this phenomenon is not observed if
the2OlthaIlium is injected more than 48 hours after reperfusion8. As a
result, 2("thallium has no prominent role in the immediate assessment of
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reperfusion-related salvage but may be of use for follow-up studies.
Several studies have now demonstrated that, when 2("thallium is
injected more than 48 hours after the acute event, patients with
successful reperfusion show a decrease in defect size on serial thallium
images compared with those without successful reperfusion9'".

SINGLE PHOTON EMISSION COMPUTED TOMOGRAPHY

SPECT imaging has been advocated to enhance the contrast between
ischemic lesions and normally perfused myocardial zones, thereby
increasing the sensitivity for detecting infarcted myocardial areas. The
essence of SPECT is providing tomographic images by reconstruction
from projections. 2O'Thallium SPECT has been used to measure the
mass of infarcted left ventricular myocardium as a percentage of total
left ventricular mass or by applying a threshold method11 12. In an
animal model, it has been shown that the volume of myocardium that is
relatively hypoperfused following coronary artery occlusion can be
reliably calculated from 2Olthallium SPECT data13. Prigent et al.14

demonstrated in dogs an excellent correlation between SPECT defect
size and the pathologic infarct size determined by staining with
triphenyl tetrazolium chloride (TTC). 2()lThallium SPECT estimates of
myocardial infarct size also correlated well with accumulated creatine
kinase-muscle/brain fraction release in humans15. Mahmarian et al.16

found a high correlation between 2Olthallium SPECT and enzymatic
measurements in patients with acute myocardial infarction. Based on
these observations, 2O'thallium tomography has been advantageously
used to assess the effect of streptokinase on infarct size in patients with
acute myocardial infarction17. By virtue of its ability to quantify the
volume of infarcted myocardium, the 2("thallium SPECT technique is
more accurate than planar imaging for infarct sizing. Prigent et al.18

developed tomographic image-based algorithms for determination of
the contribution of myocardial slices to the left ventricular mass in
normal hearts and successfully applied these algorithms for the
assessment of infarct size. Parker19 described the merits of quantitative
SPECT imaging although uncertainties in the reconstruction process
remain. It may yet be expected that quantitative 201thallium SPECT will
offer a great diagnostic and prognostic power in patients with acute
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myocardial infarction.

99mTechnetium-labeled hexakis-2-methoxy-2-methylpropylisonitrile
(g9mtechnetium-Sestamibi) is a new radiopharmaceutical that appears
useful for myocardial perfusion imaging. The gamma emission energy
of Wmtechnetium-Sestamibi is higher than that of 201thallium, which
allows the improvement of image quality and augments the role of
SPECT imaging. Similar to 20lthallium, 99mtechnetium-Sestamibi
accumulates in normal myocardium in direct proportion to blood flow,
but unlike 2()lthallium it has a slow wash-out from the myocardium with
minimal redistribution. Imaging can therefore be delayed for up to 4-6
hours and still provide information about the distribution of myocardial
perfusion at the time of administration. This makes it a very suitable
agent for the immediate assessment of thrombolytic therapy without
any delay in administration of thrombolytic therapy. Animal studies of
permanent occlusion had already shown a close correlation between
pathologic infarct size and SPECT Wmtechnetium-Sestamibi defect size20.
In patients with acute myocardial infarction receiving thrombolytic
therapy, Wackers et al.21 reported that a change in defect size on the
'Wmtechnetium-Sestamibi images before and after thrombolytic therapy
provided information as to whether the infarct-related artery was open.
With quantitative planar imaging before and 24 hours after
thrombolytic therapy, it was shown that a 30% reduction of defect
size was highly predictive of patency. Recently, Gibbons et al.22

showed that tomographic imaging with Wmtechnetium-Sestamibi
allowed the assessment of the area at risk in patients with acute
myocardial infarction. Imaging was performed before and 6-14 days
after therapy, and in the patients who received thrombolytic therapy a
significant decrease (-13%) in the extent of hypoperfused myocardium
was observed compared with a non-significant increase (+4%) in
patients without thrombolytic therapy. Santoro et al.23 showed the
usefulness of isonitrile tomography in demonstrating the size of
myocardial damage and in assessing the extent of myocardial salvage
after thrombolytic therapy in patients suffering from acute myocardial
infarction. Therefore, 99mtechnetium-Sestamibi offers promise as a
measurement tool for the evaluation of acute intervention strategies.
This approach could be used to distinguish subgroups of acute infarct
patients, those who are candidates for urgent coronary angioplasty.
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INFARCT-AVID IMAGING

Infarct-avid imaging refers to the accumulation of a
radiopharmaceutical within a region of irreversibly injured
myocardium and allows the visualization of a 'hot spot' at the site. The
most commonly used infarct-avid imaging agent is 99mtechnetium
labeled stannous pyrophosphate, but '"indium labeled antimyosin has
also been recently employed for the detection and quantification of
acute myocardial infarction. "'"Technetium pyrophosphate may form a
complex with the calcium deposited in damaged myocardial cells while
'"indium labeled antimyosin shows a specific affinity for the heavy
chain of cardiac myosin. '"Indium labeled antimyosin localizes in
those cells whose membranes have been sufficiently damaged to
permit the development of large holes clearly visible on electron
micrographs. When cells reach this phase of damage, cell death is
inevitable. Therefore, localization of antimyosin in the cell is
specifically associated only with that tissue that has undergone
irreversible necrosis.

In experimental anterior myocardial infarcts involving more than 3 g
of myocardium, the extent of Wmtechnetium pyrophosphate activity on
planar images correlated well with anatomic infarct size24. Lewis
et al.25 used SPECT to measure Wmtechnetium pyrophosphate activity
in dogs following coronary artery ligation. An excellent correlation
was observed between scintigraphic findings and anatomic infarct
weight, although the correlation was less for infarcts involving less
than 10 g of myocardium. Holmanetal.26 and the group of Willerson272S

showed that SPECT imaging with 99mtechnetium pyrophosphate can
accurately measure infarct size in patients with acute myocardial
infarction. In these studies, the scintigrams did not become positive for
24-48 hours after the acute event, by which time any intervention to
salvage myocardium should have taken place. However, Hishimoto
et al.29 showed that early positive acute Wmtechnetium pyrophosphate
imaging with SPECT is a reliable means of documenting early
reperfusion and an effective method of sizing and localizing infarct
soon after coronary reperfusion as early as 8 hours after the onset of
acute myocardial infarction. Although the sensitivity of pyrophosphate
imaging is high, the specificity is rather low since a number of different
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disease processes show radioisotope accumulation by the myocardium.
Positive images with Wmtechnetium pyrophosphate have been observed
in patients with ventricular aneurysm, myocardial trauma and after
radiation therapy30. Another problem is that uptake of Wmtechnetium
pyrophosphate in bone may restrict the accurate estimation of infarct
size.

Radiolabeled antimyosin may be more useful than Wmtechnetium
pyrophosphate in estimating infarct size because of its closer
correlation between tissue uptake and severity of necrosis'1. In an
experimental study by Johnson et al.32 the estimated infarct size from
'"indium labeled antimyosin SPECT images revealed an excellent
correlation with pathologic defined infarct size. Khaw et al.3-1

demonstrated in dog hearts that the area of myocardia! damage defined
by Wmtechnetium pyrophosphate was approximately 1.5 times that
delineated by histologic staining, whereas the area by' "indium labeled
antimyosin uptake was not significantly different from the region
defined by TTC. In the first clinical study by Khaw et al.", '"indium
labeled antimyosin and Wmtechnetium pyrophosphate imaging were
used with both planar and SPECT techniques in patients with acute
myocardial infarction. For'"indium antimyosin, the computed infarct
size in grams showed a significant correlation with peak creatine
kinase. Infarct size by 9l)mtechnetium pyrophosphate SPECT proved to
be 1.7 times larger than infarct size by '"indium antimyosin SPECT,
suggesting that Wmtechnetium pyrophosphate may also accumulate in
ischemic myocardial regions adjacent to the necrotic area. In a recent
study, SPECT imaging with '"indium antimyosin was reported to
measure the acute infarct size in humans35. The results correlated well
with left ventricular ejection fraction, peak creatine kinase-muscle/
brain fraction and 2("thallium defect size. Infarct sizing by "'indium
antimyosin may be useful in patients with reperfusion, right ventricular

u; infarction, left bundle branch block and prior infarcts. Especially in
P such patients, the peak creatine kinase-muscle/brain fraction, the
%. electrocardiogram, and left ventricular ejection fraction are not very
| | helpful in estimating the extent of myocardial damage. Similar to
|!j Wmtechnetium pyrophosphate imaging, the specificity of '"indium
f' antimyosin is suboptimal as myocardial uptake of '"indium
fe antimyosin has been described in patients with acute myocarditis36 and
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allograft hearts with evidence of transplant rejection'7. Other
drawbacks are the blood pool contamination with ' "indium, its far from
ideal imaging characteristics and the late moment of optimal infarct
definition at approximately 48 hours after infarction. The late positive
scintigrams limit the use of' "indium antimyosin for serial assessment
of acute interventions. A more rapidly localizing monoclonal antibody
against antimyosin would offer advantages. Such biological properties
may justify the use of Wmtechnetium, involving better imaging
characteristics than '"indium.

POSITRON EMISSION TOMOGRAPHY

PET offers the advantage of studying tracers that can be incorporated
into natural substrates (e.g. palmitate labeled with carbon-11 ("C) as a
marker of fatty acid metabolism). After reconstruction, the
concentration of tracer in each myocardial slice or region can be
measured. The PET technique using "C palmitate appeared to be
capable of assessing infarct size in patients with acute myocardial
infarction-"1. Infarct size was determined by geometric reconstruction
of the tomographic slices, and regions with 50% of less than maximal
"C palmitate uptake were considered regions of acute infarct. The
areas were planimetered, and within each slice the areas with infarct
were summed to derive the total mass of infarcted myocardium. This
value correlated closely with enzymatic infarct size obtained from
creatine kinase curves. Geltman et al.-w showed with quantitative PET
measurements that patients with Q-wave infarctions have significantly
larger infarcts than patients with non-Q-wave infarctions (50 ± 8 versus
19 ± 4 PET gram-equivalents, respectively). Bergmann et al.4(1

determined infarct size in dogs using the PET technique and assessed
the uptake of "C palmitate by the reperfused myocardium after
administration of streptokinase. Uptake increased by 76% when
reperfusion was carried out within 2 hours of occlusion, as opposed to
15% 2-4 hours after occlusion. This finding indicates that restoration of
myocardial metabolism occurs very soon after reperfusion,
emphasizing the need for early institution of thrombolytic therapy.
Further experimental PET studies using the metabolic marker
deoxyglucose labeled with '"fluorine indicated that the degree of
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improvement of thallium defect is a measure of viable myocardium4142.
Clinical PET studies using metabolic markers showed that myocardial
regions with distinct 2(Mthallium perfusion defects may still have
evidence of metabolic activity4'44, implying that perfusion imaging
alone may overestimate infarct size. Although PET imaging may be
more useful for quantifying infarct size and differentiating viable from
nonviable myocardium than 20lthallium imaging45, the overall clinical
utility of this expensive technology in risk stratification after
myocardial infarction remains to be settled. At present, PET is still a
research tool and will have few clinical applications in the acute phase
of myocardial infarction.

RADIONUCLIDE ANGIOGRAPHY

Radionuclide angiography (RNA) is an accurate, noninvasive method
for evaluation of left ventricular function at rest and during exercise.
Both left ventricular ejection fraction and wall motion abnormalities
can be readily assessed in patients with acute myocardial infarction.

i Although left ventricular ejection fraction is an indirect measure of
infarct size, in animal studies the ejection fraction determined 24 hours
after coronary artery Iigation proved to be linearly related to infarct
size46. Also in humans, a favorable correlation of RNA estimates of
infarct size and release of creatine kinase-muscle/brain fraction has

I been observed47. In a study conducted by the Interuniversity
i Cardiology Institute of The Netherlands with the aim of investigating

the effects of streptokinase on radionuclide left ventricular function, it
j was demonstrated that the enzymatically determined reduction of
:• infarct size in the treated group went along with a significant

improvement of left ventricular ejection fraction41*4l). However, similar
to 2mthallium, a resting radionuclide angiogram cannot distinguish

: between acutely infarcted myocardium, myocardial scar and
?; myocardial ischemia. Moreover, in the presence of a prior infarction
I [ the degree of functional depression reflects the total extent of scar and
I not the most recent event, which limits the accuracy of estimating acute
I myocardial infarct size by this technique. The major value of RNA in
I the setting of acute myocardial infarction is currently the assessment of
|: ' the left ventricular ejection fraction at discharge (the most important
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single predictor of mortality after myocardial infarction) and the
evaluation of the effects of acute interventions over time.

COMPUTED TOMOGRAPHY

In 1976 the first reports of the use of conventional X-ray transmission
CT to image myocardial infarcts in animals appeared5011. These early
studies usually imaged infarcts without contrast medium enhancement.
Periods of coronary occlusion as brief as 60 minutes followed by
45 minutes of reperfusion produced an area of infarction that could be
recognized as decreased x-ray attenuation when compared with normal
myocardium. The decreased attenuation of myocardium on the CT scan
has been correlated with increased water content (edema) of the
infarct region52.
Recognition of the decreased attenuation of infarcted myocardium
without contrast agent enhancement in beating hearts has not been
possible5354. Therefore, contrast enhancement using iodine containing
contrast agents to delineate infarcts has extensively been investigated.
Higgins et al.ss have described three types of infarct appearences
discriminated by CT in nonbeating dog hearts after contrast agent
enhancement: (1) global enhancement: entire infarct higher Hounsfield
number (i.e. higher signal intensity) than normal myocardium;
(2) partial enhancement: epicardial perimeter of infarct higher
Hounsfield number; (3) no enhancement: area of infarction lower
Hounsfield number than normal myocardium. After an intravenous
injection of contrast medium, Newell et al.56 demonstrated an increased
iodine concentration in necrotic myocardial cells by scanning electron
microscopy. This suggests that the loss of cell membrane integrity after
ischemic injury permits intracellular accumulation of iodine.
The earliest studies in nonbeating hearts found a highly significant
correlation but a tendency to underestimate infarct size using CT5557. On
the other hand, more recent studies in beating dog hearts found an
excellent correlation between infarct volume as measured by
conventional CT and post-mortem weight54 or volume53.
Human studies using conventional CT indicate that myocardial
infarction, particularly involving the septum and anterior and lateral
walls, can be imaged in some patients5859. Inferior infarcts are more
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difficult to visualize because of the parallel orientation of the inferior
ventricular wall to the scanning x-ray beam, their smaller size, and
cardiac motion.
Fast CT obtains scans at exposure times of 50 msec or less and can
generate CT scans at multiple anatomic levels. The fast (cine) CT
scanner with electronic scanning methods, which provides complete
cardiac imaging in real time without the need for electrocardiographic
gating, is being used at several centers. Using ultrafast CT, the
intravenous or intracoronary administration of contrast material
produces temporally distinct phases of enhancement of normal and
ischemically damaged myocardium. During the perfusion phase,
normal myocardium is maximally enhanced (maximal increase in
Hounsfield number), whereas the area of damage is nonenhanced or
minimally enhanced. Several minutes after administration of contrast
material, enhancement of normal myocardium has declined and the
damaged myocardium is nearly maximally enhanced. In the perfusion
phase, the ischemically damaged area appears as a negative image
within the myocardium, whereas in the later phase it appears as a
positive image. The delayed enhancement of the ischemic area after the
intravenous administration of contrast material has been associated
with a much higher concentration of iodine in infarcted compared with
normal myocardium.
There is a linear correlation between regional myocardial iodine
concentration and myocardial blood flow, so areas of little or no flow
appear as lucent defects60. A study comparing the detection of acute
myocardial infarction by ultrafast CT and lWmtechnetium
pyrophosphate scanning and 2()1thallium myocardial scintigraphy
indicated that ultrafast CT was both more specific and more sensitive
than either radioisotope method61. As pathologists have indicated

| previously, the ultrafast CT scan confirmed that the electrocardiogram
| cannot predict the transmural extent of infarction62. The Q waves are

often associated with nontransmural infarction (54%), and transmural
infarction occurs quite frequently in the absence of Q waves on the
electrocardiogram (33%).
There are still some technical limitations to imaging acute myocardial
infarction with ultrafast CT. These are primarily related to the problem
of partial volume effects of the inferior wall. Although the scanner
couch permits axial tilting of the patient, in large or obese individuals
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with increased thoracic diameters, the degree of tilt may be insufficient
to provide true short-axis views of the left ventricle. Another potential
limitation of ultrafast CT for imaging acute infarcts is the effect of
spontaneous reperfusion. Currently, it is unknown whether this process
will diminish the sensitivity of the technique for detecting particularly
the small inferior infarction. At the moment, there is no wide
acceptance of CT in clinical cardiology.
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CHAPTER 3

PRINCIPLES OF CARDIAC
MAGNETIC RESONANCE IMAGING

Si
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INTRODUCTION

Magnetic resonance imaging (MRI) is a newly developed imaging
technique, which is capable of producing high resolution tomographic
images in any plane as well as in blocks of three dimensional
information. It can be used to study blood flow, and to gain information
about the composition of tissues seen and quantified on dimensionally
accurate images. Conventional cardiac MRI, using spin-echo
sequences, produces static images at chosen points of the cardiac cycle,
which demonstrate cardiac anatomy well.

HISTORICAL BACKGROUND

The phenomenon of nuclear magnetic resonance (NMR) was
discovered in 1946 by Bloch and Purcell12, who were jointly awarded
the Nobel Prize for Physics in 1952. The mathematics on which image
reconstruction is based were defined by Fourier in the early nineteenth
century. The relationship between the frequency of precession and
field strength was described by Larmor at the turn of the century. In
1973, Lauterbur published a paper in Nature3 explaining how the NMR
signal might be used to produce an image and in 1976, the first human
images were produced45

PHYSICAL PRINCIPLES

Since MRI is a rather new imaging modality, an outline of relevant
physical principles is warranted. A more detailed description of the
NMR physics than given in this chapter has been described elsewhere
in the literature6"10.
NMR describes the phenomenon that the nuclei of certain atoms, when
placed in a magnetic field, can absorb and emit radiofrequency energy
of a specific frequency. The spectrum of absorbed or emitted
radiofrequency energy depends upon the nucleus under observation
and its chemical environment.
Nuclei suitable for MRI are those which have an odd number of protons
or neutrons. These nuclei behave as magnetic dipoles. Almost all
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images to date have been of the nuclear magnetism of the hydrogen
nucleus (' H), or proton, which is a particularly favourable nucleus from
the MRI standpoint and is present in all biological material. Other
naturally occurring magnetic nuclei which are of biological interest
include phosphorus (3IP), sodium (23Na), carbon (I3C) and potassium
(39K).
The proton can be regarded as a small, freely suspended bar magnet
spinning rapidly around its magnetic axis. When a group of protons is
placed in a magnetic field, their magnetic moment will align parallel or
antiparallel to the field. A small majority of the spins will align parallel
to the field, which results in a net macroscopic magnetization parallel
to the field. This conventionally defines the z axis, which is generally
along the longitudinal axis of the patient in an MRI machine. The x and
y axes are perpendicular to the z axis and to each other and represent the
transverse plane.
The strong magnetic field, which must be homogeneous over a volume
large enough to contain the human body in an MRI imaging machine, is
provided by a superconducting magnet. Magnetic field strengths used
for imaging currently range from 0.02 tesla (T) to 1.5 T. Because the
nuclei are spinning, they respond to the torque like a gyroscope, and
their axes are tilted and come to rotate at exactly the same frequency

' about the magnetic field direction in a movement known as precession.
The frequency of precession, also known as Larmor frequency, is
directly proportional to the applied magnetic field and for protons in a
field of 1.5 T is 63 MHz. When a pulse of oscillating radiofrequency

| from a coil is imposed on a group of protons in a magnetic field, there
' will be a strong interaction, or resonant effect, if the frequency of the

Jj oscillator is equal to the precession frequency of the protons. This is
' called nuclear magnetic resonance and manifests itself in the following
I way. There will be absorption of radiofrequency energy from the coil

which causes the motion of the elementary magnets to be disturbed and
j in particular the total nuclear magnetization will be altered. The net
\ magnetization along the z axis is deviated through an angle which
• depends upon the strength and duration of the pulse of radiofrequency

magnetic field. So called 90° and 180° pulses are commonly used, and
these rotate the magnetization in the z directions through 90° and 180°
respectively. After the disturbance induced by the applied pulse of
pulses, the magnetization returns to its equilibrium position along the
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z axis in an exponential manner and as it does so, a small voltage is
induced in a receiver coil surrounding the specimen. In essence this is
the method of pulsed MRI and the nuclear signal picked up following a
radiofrequency pulse is known as the free induction decay (FID).
The magnitude and length of the FID is determined by the relaxation
times, which can be regarded as a measure of molecular motion. The
first of these, the Tl (spin-lattice) relaxation time characterizes the
time taken by the system of nuclei to return to thermal equilibrium after
a radiofrequency pulse. The second is the T2 (spin-spin) relaxation
time which is the characteristic decay of the FID and is associated with
the irreversible dephasing of the initially coherent precession of
individual protons which follows a radiofrequency pulse.
Unlike CT images where contrast is determined by differences in one
parameter (X-ray beam attenuation), multiple parameters influence the
MRI signal and, therefore, resultant image contrast, i.e. proton density
(number of protons per unit volume), Tl and T2. In addition, flowing
material within the image plane alters contrast. Proton Tl differences
between tissues are usually greater than proton density variations and
thus images with greater dependence on Tl values have greater
contrast. By using different MRI pulse sequences, image contrast with
a varying dependence on proton density, Tl and T2 is obtained.
Spin-echo pulse sequences utilize a 90° pulse followed at time T by a
180° pulse with data collection at time T after the 180° pulse when an
echo of the original signal is obtained. The echo time (TE) is the time
between the 90° pulse and echo production (= 2T). This sequence
produces images whose contrast is primarily dependent upon
differences in T2, as well as on proton density and Tl.
Variations in the timing of the radiofrequency pulses in these pulse
sequences may produce marked differences in image contrast. In
computed tomography there is an invariant grey scale covering the
tissues of the body with an established normal range of Hounsfield
numbers; in MRI, however, the pixel values can vary widely for the

[ same tissue which means that the grey scale ordering of the tissues is

I not constant. It is essential, therefore, when interpreting images and
[ comparing the results from different systems, that there is a clear
| understanding of the conditions under which they were obtained.
; The MRI signal can be made to provide macroscopic spatial
I information. Since the resonant frequency is proportional to the
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strength of the magnetic field, if the field is not constant over the
sample but has a uniform gradient in one direction, then the inherently
narrow resonance is broadened in a way which depends on the shape of
the sample. If the FID of an extended sample of protons in a gradient is
observed, following a radiofrequency pulse the frequencies of FID's
from the protons in particular regions of the sample will differ
depending on whether they are in a high or low field region. Each
volume element in the sample is therefore labeled by having a different
resonant frequency for the protons combined within it. The resulting
complex FID signal can be digitized and frequency analyzed in a
computer using a mathematical technique known as Fourier analysis.
This distribution of the frequencies so obtained is then the one-
dimensional projection of the proton MRI signal onto the gradient
direction. In combination with this spatial encoding by frequency,
applying a gradient magnetic field prior to the detection of the signal
will lead to differences in the phase of the local nuclear signals. By
using a series of phase encoding gradients of different strengths, the
spatial distribution of signals along the gradient direction can be
mapped. This is the basis of the widely employed two-dimensional
Fourier transform method of imaging. Most current MRI imagers use
the method of selective excitation to isolate the image plane. By
applying a gradient field during excitation by a radiofrequency pulse
containing a predetermined narrow band of frequencies, only those
regions where the local resonant frequency falls within this range will
be excited. In this way imaging can be restricted to a particular slice of
the desired thickness.

TISSUE SIGNAL INTENSITY

As stated before, there are three intrinsic tissue characteristics that
primarily determine the signal intensity in conventional spin echo MR
images: (1) local proton concentration, (2) Tl, and (3) T2 relaxation
times for the tissue. These factors influence signal intensity on spin-
echo images in accordance with the following equation:

Signal Intensity = H«f(v).[l -e
(-Tlvri>] .e

(-TE/r-» (Eq. 1)
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where H is the local proton concentration, f(v) is a function of the
velocity of protons, e.g. in flowing blood or moving tissues, TE is the
echo time, TR is the repetition time, and Tl and T2 are the proton
relaxation times for the tissue1'.
It can be seen from equation 1 that MRI signal intensity increases when
there is an increase in the local hydrogen ion concentration, an increase
in the tissue T2 value, or a decrease in the tissue Tl value12.
Furthermore, the TE and TR can be adjusted on the instruments such
that tissues with relatively low Tl values can be enhanced using a T l -
weighted spin-echo pulse sequence (using a relatively short TE and
TR)'-\ Similarly, tissues with a long T2 will be preferentially enhanced
using a T2-weighted spin-echo sequence in which the TE and TR are
relatively long. From a practical standpoint, when one is obtaining
gated cardiac images, the TR is determined by the patient's heart rate.
The TR is then effectively the RR interval on the electrocardiogram or a
multiple thereof.

NMR SYSTEM

Each NMR system consists of five major parts: the magnet, the
transmitter, the antenna, the receiver, and the computer. NMR is best
performed using a magnet with a high field strength to improve signal-
to-noise ratio, with a very high field homogeneity, and with a large bore
size to accomodate patients. Most modern NMR magnets are liquid
helium-cooled, superconducting solenoids with a bore size varying
from 1 meter (whole body magnets, field strength 0.1 to 2.0 T) to a few
centimeters (high resolution magnets, 2.0 to 14 T). The transmitter is
used for transmitting radio-frequency pulses to an antenna or coil,
which in turn transmits the radio-frequency power to the patient and
also receives the radio-frequency signal from the patient. The coil,
made of wire or foil, usually surrounds the patient or may be directly
put on the body of the patient (surface coil), depending on whether
information is required from the whole body or from a selected organ of
interest. The receiver amplifies the signal picked up by the coil and the
signal is processed by a computer, which is also needed to operate the
entire NMR system.
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TECHNICAL CONSIDERATIONS

Several technical problems are encountered with NMR of the heart.
First, since the heart is in constant motion, the imaging process has to be
gated to the cardiac cycle. Generally, triggering to the R-wave of the
electrocardiogram provides the most reliable means of gating.
Triggering may be complicated by magnetohydrodynamic effects and
NMR-induced currents. These problems can be overcome by careful
positioning of the electrocardiographic leads and by electronically
filtering of the signal.
A second problem is the variable orientation of the heart in the chest.
The originally used standard imaging planes (transverse, sagittal,
coronal) lead to varying obliquity of the cardiac slices, which may
introduce partial volume effects. This can introduce anatomical
artifacts such as abnormally increased wall thickness and improper
volume calculations. As a consequence, the cardiac imaging planes have
to be oriented corresponding to the functional axes of the heart to obtain
valid information14. A complete global and regional left ventricular
function study has to include acquisition of serial short axis planes and
two long axis planes'5, which also permits appropriate comparison with
other imaging techniques16.
Third, effects of flow have to be considered in the interpretation of the
images. Flov may lead to signal loss (dark vessel lumen) or signal
enhancement (bright intracardiac/intravascular signal) depending on
the imaging technique used.
Fourth, the presence of vascular clips, sternal wires, prosthetic valves
and cardiac pacemakers may complicate NMR imaging. NMR should
not be used in patients with vascular clips for cerebral aneurysm
surgery. Patients with sternal wires after cardiac surgery are no major
problem for low to midfield strength NMR cameras (less than 1.5 T),
because the presence of fibrosis around the wire will prevent NMR-
induced motion. It is therefore generally recommended to postpone
NMR studies for at least 6 weeks after cardiac surgery to allow fibrous
tissue to surround mediastinal clips and to minimize clip motion.
Patients with prosthetic valves may only be imaged on two conditions:
(1) no signs of valve dehiscence, and (2) no generation of significant
forces on the valve. If no significant force is generated the patient can
be imaged by NMR17. Twenty-nine different heart valve prostheses
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have been evaluated for magnetic deflection related to exposure to a
1.5 T or 2.35 T static magnetic field. Of these, four were
nonferromagnetic and 25 had measurable deflection forces. However,
because the magnetic deflection of these heart valves is minimal
compared with the force exerted by the beating heart, MRI is not
considered to be hazardous for patients with these prostheses, with the
possible exception of performing MRI with an MR system greater than
0.35 Tina patient that has a Starr-Edwards Pre 6000 valve when there is
concern regarding the integrity of the anulus or presence of valvular
dehiscence. The presence of a cardiac pacemaker remains an absolute
contraindication for NMR imaging. In an MRI study of DDD
pacemakers, most of them failed with total inhibition of atrial and
ventricular output18.

SAFETY CONSIDERATIONS

A major concern with regard to safety considerations has been the
production of ventricular fibrillation through induction of a current
into the patient by the rapidly changing magnetic field. In experimental
studies in dogs'1' the threshold rate of change of the magnetic field to
produce ventricular fibrillation is approximately 500 T/sec. The
currently used clinical NMR instruments have a maximum rate of field
change of about 3 T/sec, indicating the enormous safety margin for the
production of ventricular fibrillation in patients.
Regarding imaging of patients with acute myocardial infarction,
several patients have been successfully studied within 24 hours after
thrombolysis. The emergency facilities for cardiovascular monitoring
of these critically ill patients in the NMR machine have to be similar to
those present in the coronary care unit. Constant infusion pumps can be
safely applied in the NMR room without interfering with the magnetic
field. A defibrillator must be located in the NMR room, but adequate
resuscitation has to be performed in a nearby located room.
Finally, claustrophobia may impede NMR imaging in 5-10% of
patients. This problem can be controlled by premedicating the patient
with an anxiolytic agent.
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UNENHANCED CARDIAC MRI

Apart from scintigraphic techniques and CT for the evaluation of
myocardial infarcts, MRI has emerged as a new diagnostic technique to
study the extent of anatomical and functional abnormalities in patients
with acute myocardial infarction.
The detection of acute myocardial ischemia and myocardial infarction
is based on alterations in tissue relaxation times Tl and T2 with
resultant changes in image intensity. First studies were done in dog
hearts and showed that the relaxation times Tl and in particular T2 are
usually prolonged in disease states which are characterized by
edematous changes that occur in regions with acute myocardial
ischemia or infarction1. The magnitude of increase in Tl and T2 was
proportional to the magnitude of changes in blood flow2. Changes in T1
and T2 can be detected in vivo from 3-6 hours after infarction and
maximal contrast between normal and infarcted myocardium is
achieved at approximately 4 hours after occlusion3. These studies
indicate that MRI can detect ischemic myocardial areas soon after
coronary occlusion.
Recently however, the use of relaxation times for detecting myocardial
ischemia has been questioned4. Only regions with moderate ischemia
showed Tl and T2 prolongation, while in regions with severe ischemia
no alterations in relaxation times were observed, suggesting that
changes of Tl and T2 in ischemic myocardium are more complex than
previously reported. MRI may allow the assessment of infarct size
based on different T2 relaxation times between infarcted and normal
tissue, although infarct size may be slightly overestimated*. Serial MRI
studies in dogs after varying times of occlusion, either with or without
reperfusion, also showed that Tl and T2 abnormalities did not
correlated well with the infarct zone prior to 3 weeks after occlusion,
implying that unenhanced MRI may not be suitable for early detection
of infarct size4. On the other hand, serial MRI of left ventricular infarct
size 3 and 21 days after coronary artery ligation using T2 measurements
correlated well with histopathologically assessed infarct size6.
Clinical studies in patients with documented myocardial infarction
have also shown Tl and T2 alterations in infarcted myocardium.
McNamara et al.7 studied nine patients with acute myocardial

'l infarction 5-12 days after the acute onset and showed that the infarcted
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areas were characterized by increased signal intensity of the infarcted
region and prolonged T2 relaxation time. Distinction between normal
and infarcted myocardium was sufficient to estimate infarct size.
Johnston et al.8 studied 34 patients 3 to 30 days after myocardial
infarction and showed that regional increase of signal intensity in the
patients was consistent with the electrocardiographic location of the
infarction and with the presence of hypokinetic segments on the left
ventriculogram. Fisher et al.y showed in 29 patients, 3 to 17 days after
myocardial infarction, prolonged T2 relaxation times in infarcted
myocardial regions. On the other hand, they observed that increased
signal intensity on T2-weighted images may be very difficult to
distinguish from slowly moving intraventricular blood flow. In
addition, a recent study of Ahmad et al.1" showed that T2 prolongation
may not be a specific marker for acute myocardial infarction but can
also be observed in abnormally perfused myocardial segments of
patients with unstable angina. Been et al." demonstrated in 10 of 13
patients with recent myocardial infarction a 40% increase of Tl values
in the infarcted areas. In a subsequent study, Been et al.12 showed in 41
patients with acute myocardial infarction that maximum Tl values
were observed at 2 weeks after the acute onset, suggesting that the
increase of T1 reflects cellular infiltration as much or more than tissue
edema. No differences in Tl values were observed between the patients
with or without reperfusion, indicating that alterations of Tl are
complex and may bear no relationship to specific histological findings.
Infarcted myocardial areas are not only detectable by changes in Tl and
T2 relaxation times, but can also be seen by MRI using features like
increased signal intensity, ventricular cavitary signal and regional wall
thinning. Filipchuk et al.13 showed increased myocardial signal
intensity in 88%, cavitary signal in 74% and regional wall thinning in
67% of 27 patients with acute myocardial infarction. However, in 18
asymptomatic volunteers increased myocardial signal intensity was
also observed in 83%, cavitary signal in 94%, and wall thinning in 11 %
of cases. These findings imply that increased signal both from
myocardial tissue and from the cavity are sensitive but not specific for
myocardial infarction. Of the three features therefore, wall thinning
was the most predictive and specific for acute myocardial infarction.
White et al.14 showed in patients with a recent myocardial infarction a
good comparison between MRI and two-dimensional
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echocardiography for demonstrating regional wall motion
abnormalities. Moreover, they observed that the extent of regional wall
thinning by MRI can be used to measure infarct size. Krauss et al.15

showed in 20 patients with acute myocardial infarction who underwent
MRI with a mean of 8 days after the acute event, that regional T2
abnormalities in 82% of patients correlated with the presence and
location of thallium perfusion defects, thereby emphasizing the value
of MRI tissue characterization in flow-deprived injured myocardial
tissue. In a subsequent study, Krauss et al.i6 showed in 20 patients 7-14
days after acute myocardial infarction that MRI provided an accurate
means of assessing infarct size and left ventricular function. Also
Wisenberg et al.17 demonstrated in 66 patients 3 weeks after acute
infarction that infarct size could be determined very well by MRI. They
demonstrated that, in the 41 patients who had received acute
streptokinase therapy, a significant reduction in MRI measured infarct
size was observed compared to the patients without thrombolytic
therapy.
MRI is also capable for detecting long-term sequelae of myocardial
infarction. Segmental wall thinning can be clearly defined and is
indicative of a sustained myocardial infarction. The site of an old
myocardial infarction may be recognized as a region with decreased
signal intensity, suggesting that MRI can identify replacement of
myocardial tissue by fibrous scar. Also complications of acute
myocardial infarction including thrombo-embolism, ventricular
aneurysm, ventricular septum perforation, and mitral regurgitation can
be readily demonstrated by MRI.

CARDIAC MRI USING PARAMAGNETIC CONTRAST
AGENTS

An intravenous contrast agent may improve the sensitivity and
specificity of MRI and provide more direct and precise information
concerning the state of myocardial perfusion. The objectives for a
myocardial contrast agent for MRI are (1) to provide a method for
assessing myocardial perfusion, (2) to delineate the area at risk for
infarction after acute coronary artery occlusion, (3) to show more
accurately the site and extent of an acute or chronic infarction by
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improving contrast between normal and infarcted myocardium, and
(4) to distinguish between occlusive and reperfused myocardial
infarctions.
Fundamental investigations leading to the area of MR contrast agents
were initiated by Bloch et al.18 in 1948, who first described the use of a
paramagnetic salt, ferric nitrate, to enhance the relaxation rates of
water protons. Lauterbur et al.19 were first to show the feasibility of
paramagnetic agents for tissue discrimination on the basis of
differential water proton relaxation times in 1978. The first human
MRI study involving a paramagnetic agent was performed by Young et
al.20 in 1981: orally administered ferric chloride was used to enhance
the gastrointestinal tract. The diagnostic potential of paramagnetic
contrast agents was first demonstrated in patients by Carr et al.21 in 1984.
[Gd-DTPA • (H,0)]2" was administered intravenously to patients with
cerebral tumors, providing enhancement of the lesion in the region of
cerebral capillary breakdown.
The use of MRI contrast agents is based on the attempt to influence the
tissue relaxation parameters Tl and T2. Certain substances enhance
tissue relaxation because they can be induced by an external magnetic
field to produce an additive magnetic field by a process of magnetic
susceptibility. The ratio of induced magnetization to that of the external
magnetic field is termed the magnetic susceptibility of the substance.
Paramagnetic contrast agents have positive magnetic susceptibilities
because their induced magnetic fields are additive to that of the applied

I magnetic field. A compound that has negative magnetic susceptibility
:• is termed a diamagnetic agent. Positive magnetic susceptibility causes

increased magnetic flux in the vicinity of the compound and thus
produces increased relaxation in the surrounding tissue. Paramagnetic
substances have magnetic moments only in the presence of an external

' magnetic field.
| Ferromagnetism is characterized by established domains of magnetism
i'; that persist after the external magnetic field has been removed.
f Superparamagnetic agents have susceptibilities greater than those of
I paramagnetic agents, and unlike ferromagnetic substances,
I superparamagnetic substances lose their susceptibility in the absence
| of an external field. Paramagnetic susceptibility increases directly with
I external field strength, whereas both ferromagnetic and
j | superparamagnetic agents reach a point of saturation.
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For paramagnetic agents, the magnitude of relaxation enhancement
depends on the proximity of the paramagnetic agent to the nuclear spin.
Paramagnetic agents are capable of realigning the bulk magnetic
moment and therefore increasing Tl relaxation rates. They also
produce local magnetic inhomogeneities and thus shorten T2
relaxation times as well.
Superparamagnetic agents are particulates that have a greater induced
magnetic moment than paramagnetic solutes, but they are fixed and
undergo less molecular tumbling. They thus create greater field
heterogeneity and cause more T2 shortening effects than Tl shortening
effects. For similar reasons, ferromagnetic-agent relaxation primarily
affects T2-weighted images.
The paramagnetic agents that have received the most attention are the
paramagnetic lanthanide complexes, transition metals, and organic
free radicals. In the lanthanide series, gadolinium and europium have
the highest spin quantum numbers, and in the transition-metal group,
manganese, chromium, and ferrum are the most potent relaxation
agents. Because of toxicity, both the lanthanides and transition metals
have been complexed with chelates; gadolinium has been complexed
as Gd-DTPA or Gd-DOTA, and manganese has been chelated as Mn-
DTPA or Mn-EDTA. Particulate agents have been used mainly
because they are phagocytosed by the reticulendothelial system.
Superparamagnetic or ferromagnetic particulates produce marked
reductions in signal intensity in reticuloendothelial tissues in which
they are concentrated. This results from greater T2 shortening than
occurs with corresponding soluble paramagnetics. Long-term
retention by the reticuloendothelial system is a concern that is being
addressed for these agents. Investigation into the use of
superparamagnetic and ferromagnetic agents in myocardial imaging is
not currently active but may assume greater importance in the future.
Perfusion refers to a differential change in blood volume with respect to
time within an organ or defined volume of tissue. The degree to which
myocardial signal intensity reflects myocardial perfusion after
intravenous administration of a paramagnetic contrast agent depends
on multiple factors, including the affinity of the agent (if any) for
myocardial cells, the rate of elimination of the agent from the blood
stream, the degree of diffusion of the agent through the capillaries, and
the volume of the interstitial space. Therefore, the accumulation of a
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contrast agent in myocardial tissue before and during the acquisition of
MR images is affected not only by the rate of myocardial perfusion, but
by additional factors. Further development of MRI techniques may
allow rapid-sequence scanning in the future; however, use of
paramagnetic contrast agents for quantitative measurement of
perfusion still may not be feasible because of problems in relating
tissue MR signal intensity to precise tissue concentrations of the
contrast agent. Therefore, most of the research into myocardial contrast
agents for MRI has been directed toward a qualitative measure of
relative tissue perfusion sufficient to distinguish ischemic from
nonischemic myocardium.

METAL IONS

The bivalent transition metal cation manganese was the first
paramagnetic pharmaceutical studied as a potential myocardial
contrast agent1"22. Manganese is actively taken up by viable myocardial
cells and has a short half-life in the blood pool, resulting in a high
myocardial-to-blood ratio23. It is strongly paramagnetic by virtue of its
five unpaired electrons, resulting in dramatic Tl shortening in normal
myocardial tissue19. Ischemic myocardial areas are well delineated as
areas of low signal intensity relative to the brightly enhancing normal
myocardium.
The free metal ions are limited by serious toxicity24. However, the
complexing of these cations with a variety of ligands greatly reduces
their toxicity while significant paramagnetic, proton-relaxation,

; enhancement properties are retained.
Toxic effects from a metal complex can arise from (1) free metal ion,
released by dissociation; (2) free ligand, which also arises from

: dissociation; and (3) the intact metal complex. The available
I toxicological data23 point to the importance of metal complex

dissociation as an important source of toxicity. Both metal ions and free
| ligands tend to be more toxic than metal chelates. The degree of toxicity
| of a metal chelate is related to its degree of dissociation in vivo before
? excretion. The coordination of ions to oxygen, nitrogen, or sulfur
| heteroatoms in macromolecules and membranes alters the dynamic
I equilibria necessary to sustain life. Gd3+, for example, can bind to Ca2+

[ 49



binding sites, often with higher affinity owing to its greater charge/
radius ratio. The toxicity of free ligands, which is less understood, can
stem from the sequestration of essential metal ions such as Ca2+ in
addition to "organic" toxicity. The toxicity of intact metal complexes
can stem from a wide variety of specific and nonspecific effects. A
difference in osmolality between intracellular and extracellular
compartments is established after injection of large quantities of the
ionic complexes and appropriate counter ions. Water is drawn out of
the cells as a result of the osmotic gradient, causing cellular and
circulatory damage. Other possible mechanisms of chelate toxicity
include enzyme inhibition, nonspecific protein conformational effects,
or alteration of membrane potentials.

GADOLINIUM-DTPA

Gd3+ gadolinium, a rare-earth element, possesses as a Gd3+ ion seven
unpaired electrons and has powerful effects on Tl and T2. When
administered as free ion it is toxic for the liver, spleen and bone
marrow. Because no covalent bonds are formed with organic
molecules, complexing with DTPA is performed for detoxification-6. Gd-
EDTA and GdCL, are too toxic.
The effectivity as a contrast agent depends on the properties of the
DTPA molecule. The molecular weight is 590 daltons. In vitro, the
signal shows a maximum at about 1.5 mmol/1 in aqueous solution and at

1 0.6-0.7 mmol/1 plasma, but these concentrations depend on the
• employed pulse sequence27. Gd-DTPA has been applied intravenously

(0.1-0.2 mmol/kg body weight) to enhance lesions within the brain,
; liver, urinary tract, breast etc. As with contrast-enhanced CT, the effect
I of an extracellular contrast agent such as Gd-DTPA is not critically
I time-dependent for cerebral lesions. For other organs such as the heart,
1 one should be aware of the pharmacokinetic behavior of the contrast
| agent.

In dogs, following rapid intravenous injection (0.1 mmol/kg in 10 ml
within 1 minute) only minor hemodynamic effects of short duration

* have been noted. If the period taken for administration is 15 minutes, no
effect is seen at all28. Using a rat model, the following data have been
obtained29. Optimal dose for contrast is 0.1-0.5 mmol/kg body weight

.5
50



and the LD50 (interpolated dose at which 50% of the animals would
die) is 10 mmol/kg body weight. In vivo the Gd-DTPA complex does
not dissociate. Five minutes after intravenous administration, only
10% of the dose is still intravascularly located, which indicates a rapid
spread, probably exclusively into the extracellular compartment. The
intact blood-brain barrier is not passed. A fast renal excretion results in
a 20 minutes half-life of the plasma concentration. After 3 hours the
renal excretion amounts to more than 85% of the administrated dose.
About 7.5% of the dose is lost with the faeces. One week after
administration 0.3% of the dose is still present in the body, mainly in
liver and renal tissue. In the rabbit, 5 minutes after administration the
distribution is governed by organ perfusion, as shown by Strich et al.30,
using radioactive labeled Gd-DTPA.
In a review by Niendorf et al.31 the tolerance and safety of Gd-DTPA at
0.1 and at 0.2 mmol/kg body weight in more than 13,000 patients
appeared to be excellent. The overall incidence of adverse drug
reactions after intravenous injection of Gd-DTPA was in the order of
magnitude of 1 % as determined in clinical trials in Europe and Japan.
At a dose of 0.1 mmol/kg body weight slight, transient increases of
serum levels of iron within normal range were seen in 20% to 30% of
patients at 4 hours post-injection. Serum levels were back to baseline
range at 24 hours post-injection. No clinical relevance is attributed to
this side effect. Urticaria was reported in 0.14% and focal convulsion in
0.11%. The latter was found only in patients with respective history.
Only recently one severe anaphylactoid reaction to Gd-DTPA was
reported32.

DETECTION OF MYOCARDIAL ISCHEMIA j.

A number of investigators has evaluated the utility of Gd-DTPA in |
detecting acute myocardial ischemia. McNamara et al.33 showed that ,
Gd-DTPA enhanced MRI detected ischemia as early as 2 minutes after |
coronary artery occlusion. Six dogs were injected with Gd-DTPA '
immediately after left anterior descending occlusion. Images of the
excised hearts revealed increased signal intensity in the ischemic
myocardium compared to normally perfused zone due to the presence
of the contrast media. This was most prominent in the relatively
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T2-weighted second spin-echo images (TE = 56 msec). Three dogs that
were injected with normal saline showed no difference in signal
intensity between normally perfused and ischemic myocardium.
A study by Johnson et al.34 showed that Tl-weighted images acquired
after coronary artery occlusion and infusion with Gd-DTPA
demonstrated increased signal intensity in the normally perfused
myocardium compared to the ischemic region. This was due to
decreased tissue Tl in normally perfused tissue due to the presence of
Gd-DTPA. They also showed that there was a significant relationship
between 1/T2 and regional myocardial flow when resting blood flow
was less than or equal to 0.5 ml per minute per g tissue. There was no
significant relationship between tissue perfusion and 1/T1 when the
myocardial flow was greater than 1 ml per minute per g tissue. In a
study by Miller et al.*\ changes in myocardial flow following
dipyridamole infusion were noted to correlate with changes in MRI
signal intensity with contrast enhanced MRI using continuous infusion
of Gd-DTPA. They showed a direct linear correlation between the
increase in MRI signal intensity and the increase in myocardial blood
flow as assessed by radioactive microspheres with an r value of 0.93.

ASSESSMENT OF ACUTE MYOCARDIAL INFARCTION

As stated before, conventional noncontrast MRI can identify acute
myocardial infarction in the canine model and in humans, although
investigators have reported difficulties, especially in the early phase of
infarction. The difficulty in identifying acute myocardial infarction
early after coronary occlusion with noncontrast MRI suggests a
potential role for contrast enhanced MRI for diagnosing myocardial
infarction with greater specificity. Rehr et al.36 found that MRI of dogs
with acute myocardial infarction after intravenous administration of
Gd-DTPA significantly improved the visualization of infarcted tissue.
They imaged 10 dogs with acute myocardial infarction between 1 to
5 days after Hgation of the left anterior descending coronary. They
found that administration of Gd-DTPA improved visualization in three
of four dogs at 2 days post-infarction and improved visualization of the
infarcted segment in six of six dogs at 4 and 5 days post-infarction. The
ratio of signal intensity of infarcted tissue to that of noninfarcted tissue
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was significantly greater following Gd-DTPA infusion period. The
ratio of infarcted to normal myocardium was 1.4 at 24 to 48 hours post-
occlusion and this increased to 1.7 following Gd-DTPA
administration. Similarly, the intensity ratio of noncontrast enhanced
images was 1.5 after 4 to 5 days of coronary occlusion and increased to
1.8 after Gd-DTPA infusion.

ASSESSMENT OF REPERFUSED INFARCTS AND
MYOCARDIAL SALVAGE

With the current efforts to decrease infarct size with thrombolytic
therapy, it is important that noninvasive techniques be developed to
assess for the presence of coronary reperfusion in myocardial salvage.
MRI has again shown promise in this role. Several ex vivo studies have
shown an increase in T2 values and increased signal intensity in
reperfused myocardial infarcts compared to ischemic infarcts'7 "'.
However, in an in vivo canine study, unenhanced MRI was not able to
reliably distinguish between reperfused and nonreperfused infarcts*'.
Because Tl and T2 values incrased in both reperfused and
nonreperfused infarcts, these changes are not always sufficient to
permit a reliable assessment of coronary reperfusion. On the other
hand, Tscholakoff et al.w demonstrated that intravenous administration
of Gd-DTPA significantly improved the contrast between infarcted
and normal myocardium in six dogs that had undergone 1 hour of
coronary occlusion followed by reperfusion. Peshock et al.41 made a
similar observation in a group of dogs that was subjected to 2 hours of
coronary occlusion followed by 1 hour of reperfusion. They observed
that Gd-DTPA enhanced the contrast between normal and ischemic
myocardium, and that this enhancement was markedly augmented with
reperfusion. Schaefer et al.42 showed that the area of enhanced
myocardium after ischemia and reperfusion following Gd-DTPA
administration correlated with the area of jeopardized myocardium. Of
33 dogs subjected to coronary occlusion followed by reperfusion.
28 were administered Gd-DTPA and five control animals were given
saline. All animals given Gd-DTPA demonstrated increased signal
intensity in reperfused regions. The extent of the enhanced region on
MRI corresponded well with the myocardial area at risk determined
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anatomically using a dye perfusion technique. McNamara et al.43 found
that irreversible injury in the canine model of ischemia and reperfusion
resulted in marked contrast enhancement following Gd-DTPA
administration. However, in dogs with reversible injury there was no
difference in signal intensity or in relaxation times between normally
perfused and ischemic myocardium following reperfusion.

OTHER POTENTIAL CONTRAST AGENTS

Although Gd-DTPA is the agent that has been most extensively
studied, the fact that this agent is rapidly cleared from myocardium and
diffuses into the extravascular space may potentially limit its
usefulness as a paramagnetic contrast agent for cardiac imaging.
Several contrast agents with more prolonged intravascular retention
show promise for myocardial imaging. Ultimately, an agent that is
selectively taken up by viable myocardium would be helpful in
assessing the presence of ischemic myocardium and myocardial
salvage following reperfusion by MRI.
Gd-DTPA has been covalently bound to albumin to produce an agent
that remains largely confined within the intravascular space during the
time required for MRI. The large size of this molecule (molecular
weight 92,000 daltons) slows the rate of molecular rotation resulting in
a correlation time that more closely approximates the Larmor
frequency. This results in a marked increase in the effectiveness of
proton relaxation per gadolinium group44. In a study comparing the MR
contrast-enhancing properties of intravenously administered albumin-
(Gd-DTPA) and Gd-DTPA in rats44 albumin-(Gd-DTPA)
produced enhancement of normal myocardium that persisted for
60 minutes after injection, whereas Gd-DTPA produced myocardial
enhancement that peaked at 2 minutes and virtually disappeared by
60 minutes after injection. Schmiedl et al.45 investigated the use of
albumin-(Gd-DTPA) in a rat model in which MRI was performed at 6-
8 hours after coronary artery occlusion. They demonstrated
significantly increased contrast between normal and infarcted
myocardium on Tl-weighted images, which persisted without change
from 5 to 60 minutes after injection. These findings indicate an
accumulation of albumin-(Gd-DTPA) in the infarct by 6-8 hours after

54



coronary occlusion, suggesting delivery of the contrast agent to the
infarcted area via collateral vessels in this experimental model. The
accumulation of this contrast medium reflects blood volume in the
tissue rather than blood flow; the greater enhancement of infarcted
compared with normal myocardium is hypothesized to be due to
microvascular vasodilatation and capillary leakage of contrast agent
within the infarcted area45. Another macromolecular intravascular
contrast agent, Gd-DTPA polylysine, has recently been developed. It
has a molecular weight of 4,000-5,000 daltons. Saeedetal.46 evaluated
Gd-DTPA polylysine in acute, subacute and chronic myocardial
infarctions in rats. In acute and subacute infarctions, Gd-DTPA
polylysine produced greater enhancement (over 60 minutes) in the
peri-infarction zone than in the normal or infarcted myocardium. In
chronic infarctions, Gd-DTPA polylysine had no descernable effect on
the signal intensity of the infarction zone. No studies of the
metabolism, toxicity, and elimination of albumin-(Gd-DTPA) and Gd-

J DTPA polylysine have been published.
Additional paramagnetic agents are being developed and tested that are
designed to have some degree of specificity for myocardial cells.
Gadolinium has been complexed with various phosphonates and
related compounds for the purpose of creating an agent with an affinity
for myocardium.
Administration of gadolinium bis-dihydroxy phosphonylmethyl-

(̂  phosphine (Gd-(BDP)2
47 4H was followed by varying periods of

\. reperfusion in ferrets. Significant greater Tl shortening of normal
i compared with ischemic myocardium early during the course of
I reperfusion after administration of Gd-(BDP)2 was observed.

;; fr However, the difference in Tl shortening between normal and
:',;• reperfused myocardium decreased over time, possibly because of an
r accumulation of the contrast agent in damaged myocardium. At 1 hour
| of reperfusion, no significant difference in Tl shortening of reperfused
% and normal myocardium was observed. Another new agent,
|; gadolinium-diethyl triamine pentamethylene phosphonate (Gd-PMP),
|; has been compared with Gd-DTPA in a canine model of myocardial
i ; ischemia and reperfusion4950. The contrast agents were administered

; | ! after 2 hours of coronary artery occlusion. After 1 hour of reperfusion,
| the hearts were excised and imaged. At low doses (with predominant

•$} Tl-shortening effects), both contrast agents caused increased signal
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intensity of infarcted relative to normal myocardium on relatively
Tl-weighted images (TR = 500 msec, TE = 28msec). The
enhancement of infarcted myocardium was significantly greater with
Gd-PMP than with Gd-DTPA, suggesting that the former localizes
more specifically to regions of infarction.
The recently developed manganese-ethylene diamine
tetraphosphonate (Mn-TP) has shown prolonged retention in viable
myocardial cells after intravenous injection. Mn-TP is partially
eliminated by hepatobiliary excretion and therefore remains in the
bbod pool for a prolonged period of time compared with Gd-DTPA.
Pflugitlder et al.51 tested this agent in a rat model in which T1 -weighted
spin-echo linages were obtained 60—120 minutes after coronary artery
occlusion. Mn-TP was then administered intravenously, and MRI was
repeated at 15,30 and 60 minutes after injection. Normal myocardium
enhanced markedly because of contrast agent induced Tl shortening
whereas the ischemic myocardium persisted over the 1 hour
observation period and provided clear delineation of the jeopardized
myocardium on spin-echo images. Another recently developed
manganese ligand, Mn-bis pyridoxal ethylene diamine diacetic acid
(Mn-DPDP), also has shown the capability to delineate the jeopardized
myocardium after acute coronary occlusion". Differential
enhancement of normal and ischemic myocardium persists for at least
60 minutes after injection of this contrast medium. Mn-DPDP has also
been used to differentiate between occlusive and reperfused
myocardial infarctions. In a rat model of a 6 hours old infarction, use of
this contrast material produced greater enhancement of normal
myocardium than of the infarcted region in most occlusive infarctions.
However, the reperfused myocardial infarctions caused by 2 hours of
occlusion and 4 hours of reperfusion showed greater enhancement than
normal myocardium, presumably because of luxuriant perfusion to the
ischemic area51.

Goldman et al.24 measured the infarct size in six canine hearts by MRI
after intravenous administration of manganese chloride 24 hours after
circumflex coronary artery ligation. They found that the area of
nonenhanced (infarcted) myocardium on the MR images corresponded
well with the anatomic infarct size determined by triphenyltetrazolium
chloride staining with an r value of 0.94. Unfortunately, although
manganese is an effective myocardial contrast agent in animal models,
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the free manganous ions in pharmacological doses is unacceptably
toxic, precluding its use in humans54.
Another approach to differential enhancement of normal and ischemic
myocardium is to highlight the ischemic region by using magnetic
susceptibility to diminish or eliminate signal intensity of the normal
myocadial region. The MR contrast agent dysprosium DTPA, causes
such a differential magnetic susceptibility effect, and this effect
persists for nearly 60 minutes55. After acute coronary occlusion, the
dysprosium DTPA erases the signal intensity of the normally perfused
myocardium and shows the ischemic area as a region of high signal
intensity.
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ABSTRACT

To assess the value of the paramagnetic contrast agent Gd-DTPA in MRI of acute
myocardial infarction, we studied 20 patients with a first acute myocardial infarction
by electrocardiographic gated MRI before and after intravenous administration of
0-15 mmol/kg Gd-DTPA. The MRI studies were performed after a mean of 98 hours
after the acute onset of acute myocardial infarction. Spin-echo measurements (TE =
30 msec) were made using a Philips Gyroscan (0.5 Tesla). After performing the
baseline MRI scans, the MRI procedure was repeated every 10 minutes for up to
40 minutes following injection of Gd-DTPA. In 18 (90%) patients contrast
enhancement in the infarcted myocardial areas was observed after Gd-DTPA. In
these patients intensity ratio infarcted myocardium/subaxillar fat versus region
curves, derived from nine to 11 adjacent myocardial regions of interest, showed
increased signal intensity ratio in the infarcted areas after administration of Gd-
DTPA. The precontrast signal intensity ratio between infarcted and normal myocardium
was 1.14+0.15, the postcontrast ratios at 10 minutes were 1.41 ±0.21 (p<0.05), at
20minutesl.61±0.19(p<0.0l),at3Ominutesl.43±O.20(p<0.05),andat4Ominutes
1.33 ± 0.20 (p=NS).
It is concluded that MRI using the contrast agent Gd-DTPA significantly improves
the visualization and detection of infarcted myocaidial areas in patients with acute
myocardial infarction and that optimal contrast enhancement is obtained 20 minutes
after administration of Gd-DTPA.

INTRODUCTION

MRI of the heart offers the potential to noninvasively detect, localize
and quantify acutely infarcted myocardial areas1 ". Infarcted regions
can be identified by local wall thinning, increased flow signal in the left
ventricular cavity, and increased signal intensity in the infarcted area'~
s. In particular, Tl and T2 relaxation times are prolonged in the
edematous infarct zone7". However, the sensitivity and specificity of
prolonged relaxation times in the diagnosis of acute myocardial
infarction have been questioned1 ". Furthermore, in many cases
suboptimal contrast has been observed due to reduced signal to noise
ratio610". Recently, the use of Gd-DTPA as a paramagnetic contrast
agent has been proposed for better delineation of infarcted myocardial
areas12. Gd-DTPA produces significant shortening of the Tl relaxation
time of infarcted canine myocardium, resulting in increased signal
intensity of the infarct relative to normal myocardium" '8. In a
preliminary clinical study in five patients with an acute myocardial
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infarction we already demonstrated that administration of Gd-DTPA
may result in considerable contrast enhancement in infarcted
myocardial areas areas19. The aim of this study was to substantiate our
preliminary findings in a larger sample size and to evaluate the time
course of optimal contrast enhancement after administration of
Gd-DTPA.

PATIENTS AND METHODS

Twenty patients (15 male, five female) with a mean age of 52 years
(range 39 to 75) with a first acute myocardial infarction were studied
by electrocardiographic gated MRI mean 98 hours (range 15 to 241)
after the acute event. Diagnosis of acute myocardial infarction was
based on history, typical enzyme rise, and characteristic
electrocardiographic changes. Anterior wall infarction was present in
13 patients, and inferior wall infarction in seven patients. Myocardial
enzyme levels were determined by cumulative alpha-hydroxybutyrate
dehydrogenase (HBDH) release up to 72 hours after onset of
symptoms20. In our study, the mean HBDH level was 1021 U/l (range
110 to 2137, upper limit of normal 105 U/l).
The MRI studies were performed with a Philips Gyroscan, operating at
0.5 T. Four slices were taken with 10 mm thickness each and a 5 mm
slice interval. Sagittal planes were chosen in case of anterolateral or
inferior infarction, and transversal planes were selected in case of
anteroseptal or posterolateral infarction. TE was 30 msec and TR equal
to the RR-interval. The trigger delay was 200 msec after the R-wave of
the electrocardiogram. A matrix of 128 x 256 pixels was used for
acquisition and the images were displayed with a 256 x 256 matrix. The
field of view was 400 mm. After performance of the baseline MRI
scans, all patients received 0.15 mmol Gd-DTPA/kg body weight by
intravenous injection. The MRI scans were then repeated at
approximately 10, 20, 30 and 40 minutes after administration of Gd-
DTPA. The imaging period for one MRI scan was always between 5
and 10 minutes.
The MRI images were visually assessed for the presence of signs
indicative of myocardial infarction. The images were read by two
independent observers blinded to patient identity. In case of
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Fig. 1 Schematic illustration of assessment of signal intensities in a transversal
slice. Signal intensities of adjacent myocardial areas were expressed in
terms of intensity ratio, which is the ratio of myocardial intensity (Im) to
subcutaneous axillar fat (If). LV = left ventricle; RV = right ventricle.

disagreement a third observer was consulted for reaching consensus.
Quantitative evaluation of contrast enhancement was performed with
computer-assisted determination of signal intensities. Signal
intensities were obtained from myocardial areas after selecting the left
ventricular slice that showed maximal contrast enhancement. The
signal intensities of contiguous regions of interest were measured
which usually resulted in nine to 11 regions per slice (Fig. 1). The signal
intensities were expressed in terms of intensity ratio which is the ratio
of myocardial intensity to the intensity of subcutaneous axillar fat. The
intensity ratios from the same myocardial regions were measured again
after administration of Gd-DTPA. Based on these results, intensity
versus region curves were constructed both before and after Gd-DTPA
injection. After construction of the intensity versus region curves, the
intensity ratios of a definite infarct region to a normal noninfarcted
region were calculated. These two regions were similar on both the
precontrast and postcontrast slice.

STATISTICAL ANALYSIS

The multiple t-test with Bonferroni correction was used for calculation
of differences in intensity ratios of the infarcted to normal regions at the
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different time points. A p value < 0.05 was considered significant.

RESULTS

The precontrast images showed local wall thinning in three patients
(15%), increased flow signal from the cavity in two patients (10%). and
increased signal intensity from the infarcted area in seven patients
(35%). Ten patients (50%) had none of these characteristics. After
administration of Gd-DTPA, 18 patients (90%) visually showed
increased contrast in the infarcted areas compared to noninfarcted
areas thereby improving infarct definition as compared with definition
on precontrast images. In two patients no increased contrast was
observed and these patients had no other MRI infarct characteristics
either. This may be caused by the small infarct size in these two
patients, who had HBDH levels of 110 and 170 U/l respectively. The
areas of infarction seen on MRI scans corresponded well to infarct
locations suggested by electrocardiography: anterolateral and inferior
wall infarctions were always observed in corresponding regions of the
sagittal MRI planes, while antroseptal and posterolateral infarctions

2A

Fig. 2 MRI scans from a patient with an anteroseplal wall infarction before (2A)
and 20-25 minutes after administration of Gd-DTPA (2B). Contrasl
enhancement is clearly visible shown in the anteroseptal area with extension
to the apex.
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signal intensity after Gd-DTPA. Also the noninfarcted areas show a slight,
but definite increase of signal intensity.

were invariably seen in corresponding regions of the transversal MRI
planes.
Fig. 2 shows the MRI scans of a patients with an anteroseptal wall
infarction on a transversal slice before and 20-25 minutes after
administration of Gd-DTPA. Contrast enhancement of the anteroseptal
wall with apical involvement is clearly observed. Fig. 3 shows the
intensity ratio versus region curves from this patient both before and
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Fig. 4 Overall results of the time course after Gd-DTPA administration of intensity
ratio (infarct/normal) in al 20 patients. Maximal contrast enhancement is
observed 20 minutes after administration of Gd-DTPA.
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after administration of Gd-DTPA derived from nine regions of interest.
In the anteroseptal areas the highest increase of signal intensity was
measured after Gd-DTPA. Also the noninfarcted areas showed a slight
but definite increase of signal intensity. Fig. 4 summarizes the intensity
ratios of infarcted to noninfarcted regions for all 20 patients as a
function of time after administration of Gd-DTPA. The intensity ratios
of the noninfarcted areas were normalized to the precontrast baseline
values. The intensity ratio before administration of Gd-DTPA was
1.14 ± 0.15. Following administration of Gd-DTPA the intensity ratios
were after 10 minutes: 1.41 ± 0.21 (p<0.05), after 20 minutes
1.61 ± 0.19 (p<0.01), after 30 minutes 1.43 ±0.20 (p<0.05), and after
40 minutes 1.33 ± 0.20 (p=NS).

DISCUSSION

Our study extends previous findings that the contrast agent Gd-DTPA
significantly improves the detection of infarcted myocardial areas13"19.
Both visual inspection and measurement of signal intensities allowed
clear infarct delineation on the postcontrast images. Ninety percent of
patients showed increased signal intensity in the infarcted area after
Gd-DTPA which compared favourably to the 50% of the patients in
whom the infarcted area could only be detected by the combined
observation of the three characteristics such as local wall thinning,
increased flow signal and precontrast signal intensity.
After administration of Gd-DTPA a significant increase of signal
intensity was observed at 10 minutes, but optimal contrast
enhancement was reached after about 20 minutes of administration. By
using the multislice technique with a TE of 30 msec, Gd-DTPA induces
marked shortening of the T1 relaxation time which results in significant
enhancement of signal intensity of the infarcted myocardium. Without
the use of contrast agents the multi-echo technique is usually required
for improved delineation of infarct zones. In our study we did not use
the multi-echo technique since our preliminary study had already

I indicated that intensity ratios obtained after Gd-DTPA administration
^ were higher, although not significantly, than intensity ratios obtained

, ;,• with long echo-times. Furthermore, T2 prolongation may be not a
specific marker for acute myocardial infarction and can also be
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observed in abnormally perfused segments of patients with unstable
angina21. To our knowledge, only one clinical study has reported the
effects of Gd-DTPA in patients after myocardial infarction. Eichstaedt
et al.22 studied 26 patients with Gd-DTPA, of whom 11 patients
underwent the earliest MRI procedure 5-10 days after the acute event.
Signal intensities in the infarcted areas were increased with an average
of 70% compared to the precontrast images. Similar to our study, the
noninfarcted areas showed an average increase of 20% after
administration of Gd-DTPA.
Our clinical data are also supported by previous experimental studies
using MRI and Gd-DTPA1318. The use of Gd-DTPA as a paramagnetic
contrast agent for augmenting the ability of MRI to assess cardiac
disease has been thoroughly investigated. Chelation of Gd with the
ligand DTPA markedly reduces the toxicity of Gd and the localization
and elimination of Gd-DTPA are similar to those of iodinated contrast
media. After intravenous administration Gd-DTPA equilibrates
rapidly with the extracellular fluid space and undergoes renal clearance
by glomerular filtration with a biologic half-life of 20 minutes-3.
Wesbey et al.13 administered Gd-DTPA to dogs after 24 hours of
coronary artery ligation. Nonischemic zones from hearts in animals
injected with Gd-DTPA showed significantly shorter relaxation times
than infarcted zones excised 90 seconds after administration of
Gd-DTPA. In contrast, at 5 minutes after injection, infarcted
myocardium showed shortened relaxation times while noninfarcted
myocardium returned to control, suggesting early accumulation in and
clearance from normal myocardium and delayed accumulation in and
clearance from infarcted myocardium. Therefore, administration of
Gd-DTPA results in a paramagnetic effect on infarcted myocardium

, with consequent shortening of Tl and an increase in signal intensity in
the infarcted zone. All subsequent studies14"* showed that Gd-DTPA
enhanced contrast between normal and infarcted myocardial areas,

\ indicating an important supplementary role of Gd-DTPA in the
| detection of myocardial infarction. Other experimental studies24 26

|i have shown that, based on differences in signal intensities, the use of
Gd-DTPA may distinguish between reversibly and irreversibly injured
myocardium. In a recent study by Schaefer et al.27, Gd-DTPA could
identify the myocardial area at risk in an early stage after myocardial
infarction. This finding may have major consequences for patients who
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undergo thrombolytic treatment in the setting of acute myocardial
infarction. In these patients it is important to know the extent of the area
at risk since this knowledge can be used as a guide-line for further
treatment. Large clinical studies are needed to establish the value of
Gd-DTPA in patients with acute myocardial infarction and treated by
thrombolysis.
Based on our findings we conclude that Gd-DTPA improves the
visualization and detection of acute myocardial infarction by MRI, and
that optimal optimal contrast enhancement is obtained 20 minutes after
administration of Gd-DTPA.
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ABSTRACT

The diagnostic value of Gd-DTPA enhanced MRI in patients treated by thrombolysis
for acute myocardial infarction was assessed in 27 consecutive patients who had a
first acute myocardial infarction (14 anterior, 13 inferior) and who underwent
thrombolytic treatment and coronary arteriography within 4 hours after onset of
symptoms. MR] was performed at a mean of 93 hours after infarction. A Philips
Gyroscan (0.5 T) was used, and spin-echo measurements (TE = 30 ms) were made
before and 20 minutes after intravenous injection of 0.15 mmol/kg Gd-DTPA. In all
patients signal intensity of the infarcted and normal myocardium was measured to
calculate intensity ratios. Intensity ratios after Gd-DTPA were significantly
increased (1.15 ± 0.17 versus 1.52 ± 0.29). Intensity ratios were higher in the
17 patients who underwent MRI earlier, the difference being significantly greater
after administration of Gd-DTPA (1.38 ±0.12 versus 1.61 +0.34). When patients
were classified according to the site and size of the infarcted areas, or to reperfusion
versus nonreperfusion, the intensity ratios both before and after Gd-DTPA did not
show significant differences.
MRI with Gd-DTPA improved the identification of acutely infarcted areas, but with
current techniques did not identify patients in whom thrombolytic treatment was
successful.

INTRODUCTION

MRI of the heart offers the potential for the noninvasive detection,
localization, and measurement of acutely infarcted myocardial areas1"-1.
Infarcted areas can be identified by local wall thinning, increased flow
signal in the ventricular cavity, and increased signal intensity in the
infarcted area45. In particular Tl and T2 relaxation times are prolonged
in the edematous infarct zone(v\ T2 prolongation seems to predominate
and therefore an increased myocardial signal intensity is best
appreciated on T2-weighted images obtained by long repetition times
and long echo times with the multi-echo technique in a spin-echo
sequence239. However, in many cases the contrast has been suboptimal
because of the inherent low signal to noise ratio. Recently, the use of
Gd-DTPA as a paramagnetic contrast agent has been proposed for
better delineation of areas of infarcted myocardium10'12. Gd-DTPA
significantly shortens the Tl relaxation time of irreversibly injured
canine myocardium and so increases the signal intensity of the infarct
in relation to normal myocardium13"15. Previous studies in patients with
acute myocardial infarction have shown that administration of
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Gd-DTPA resulted in significant contrast enhancement of infarcted
myocardiaJ areas, with maximal contrast enhancement being obtained
20-30 minutes after administration12 lfi. Experimental studies have
shown that Gd-DTPA enhanced MRI can distinguish between
reperfused and non-reperfused myocardium in acute myocardial
infarction17'19. This might be of clinical importance because currently
there are no reliable methods of assessing the results of coronary
thrombolysis noninvasively. To test this diagnostic potential, we
examined the results of MRI before and after administration of Gd-
DTPA in 27 patients with acute myocardial infarction who underwent
coronary arteriography and intracoronary administration of
streptokinase within 4 hours after the onset of symptoms and in whom
we therefore had unequivocal evidence on the occurrence of early
reperfusion. As well as the effect of reperfusion we evaluated the
influence of infarct size and site on myocardial signal intensity and we
determined the time period in which Gd-DTPA gave the greatest
enhancement.

PATIENTS

Twenty seven patients (23 men, four women; mean age 52 years, range
30-75) with acute myocardial infarction were studied by
electrocardiographically gated MRI 93 hours (range 15-241) after the

^ acute event. Seventeen patients were included in previous related
| studies-"21. In all patients a first transmural myocardial infarction was
| diagnosed on the basis of electrocardiographic Q waves and a typical
I increase in cardiac enzymes. Immediately after electrocardiographic
I evidence of acute myocardial infarction was obtained, an intravenous
f dose of 750,000 IU of streptokinase was given. The coronary
* arteriography was performed within 4 hours after onset of symptoms.
k At catheterization, an additional dose of 250,000 IU streptokinase was

usually administered into the infarct related artery. In 19 patients
reperfusion was achieved; in eight patients the infarct related artery
remained occluded. Ten patients underwent MRI studies within 72
hours after the onset of symptoms (mean 47 hours, range 15-64 hours;
group 1) and 17 patients underwent MRI studies more than 72 hours
(mean 120 hours, range 82-241; group 2) after the onset of symptoms.
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Anterior wall infarction was present in 14 patients and inferior wall
infarction in 13 patients. To measure infarct size we used cumulative
alpha hydroxybutyrate dehydrogenase (HBDH) release up to 72 hours
after the onset of symptoms22. In our study, mean HBDH release was
1048 U/l (range 105-2136 U/l). Patients with an HBDH relase of less
than 1000 U/l were considered to have small to moderate infarctions
(12 patients, mean 492 U/l, range 105-822 U/l). Fifteen patients had
large infarctions (more than 1000 U/l, mean 1432 U/l, range 1051—
2137 U/l).

MAGNETIC RESONANCE IMAGING

The MRI studies were performed with a Philips Gyroscan, operating at
0.5 T. Four 10 mm thick slices were taken at 5 mm slice interval.
Sagittal planes were chosen for anterolateral or inferior infarction, and
transverse planes for anteroseptal or posterolateral infarction (Fig. 1).
TE was 30 ms and TR was equal to the RR interval. The trigger delay
was 200 ms after the R wave of the electrocardiogram. A matrix of 128
x 256 pixels was used for acquisition and the images were displayed
with a 256 x 256 matrix. The field of view was 400 mm.
After the baseline MRI scans were performed, all patients received an
intravenous injection of 0.15 mmol Gd-DTPA/kg body weight. Since
our previous studies showed maximal contrast in the first 15-25
minutes after Gd-DTPA administration1"2"21, the MRI scans were
repeated about 20 minutes after administration of Gd-DTPA.

IMAGE ANALYSIS

i The MRI scans were visually assessed for the presence of signs
indicative of myocardial infarction. The region with maximal contrast

; enhancement was considered to represent the infarcted area and the
I region without visual contrast enhancement was considered to
I represent normal myocardial tissue. The images were read by two
f independent observers blinded to patient identity. When they disagreed
\ a third observer was consulted to reach a consensus. Quantitative
.[ evaluation of contrast enhancement was also performed by computer
f
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Transversal Sagittal

Fig. 1 Planes used for detection of myocardial infarction. Transversal planes for
anteroseptal infarction and sagittal planes for inferior infarction.
(LV = left ventricle. RV = right ventricle)

I

assisted determination of signal intensities. Signal intensities from the
post-contrast images were obtained from adjacent myocardial regions,
usually 10 per slice (about 1 cm2 per region). Based on the signal
intensities obtained, intensity versus region curves were constructed
and the region with maximal signal intensity after Gd-DTPA was
regarded as representing the infarcted area. Signal intensity ratios were
calculated by dividing the maximal signal intensity by the signal
intensity from a normal noninfarcted region. Signal intensities were
normalized for the increase in the noninfarcted areas, which was shown
to be around 20% 2\ For optimal comparison of changes in the intensity
ratios of the pre-contrast and post-contrast images, we selected the
regions on the post-ccntrast image that were similar on the time-
acitivity curve obtained from the pre-contrast image. We also
dichotomized our patients according to the morphological appearance
of the contrast enhancement based on experimental findings by
Peshock et al.|l). Homogeneous contrast enhancement is considered to
represent reperfusion and was called type I in our study (Fig. 2),
and inhomogeneous enhancement, reportedly representing
nonreperfusion, was called type II (Fig. 3).
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2A

Fig. 2 Sagittal image before (2A) and after (2B) administration of Gd-DTPA in a
patient with an inferoposterior wall infarction and successful recanalization
of the right coronary artery. Twenty minutes ai'terGd-DTPA administration
homogeneous contrast enhancement (type I) was seen in the inferoposterior
region of the myocardium, reportedly representing reperfusion'". Also the
noninfarcted segments showed an increase in contrast enhancement.

STATISTICAL ANALYSIS

Statistical analysis was performed with the multiple t-test and
Bonferroni's correction. Nonparametric correlation analysis was
performed with the Spearman rank test. A p value <0.05 was
considered to be significant.

RESULTS

After the administration of Gd-DTPA, 24 patients (89%) showed
increased contrast enhancement in the infarcted areas, which improved
infarct definition. The site of the region with contrast enhancement
always coincided with the infarct site established by the
electrocardiogram. Also tho noninfarcted areas showed a slight but
definite increase of contrast after Gd-DTPA (Figs. 2 and 3). In one
patient no contrast enhancement was seen; this was probably because

80



n
3B

Fig. 3 Transverse image before (3A) and after (3B) administration of Gd-DTPA
in a patient with an anteroseptal wall infarction. The left anterior descending
coronary artery remained occluded after intracoronary streptokinase. Fifteen
minutes after Gd-DTPA administration inhomogeneous contrast
enhancement (type II) was seen in the anteroseptal region of the myocardium,
reportedly representing nonreperfusion'". Like figure 2 the noninfarcted
segments showed an increase in contrast.

the infact was small (HBDH release of 105 U/l). In two patients poor
quality of MR images did not allow adequate visual interpretation.
Despite the absence of visually observed contrast enhancement in three
patients, all 27 patients showed an increase of computer-assessed
intensity ratios after Gd-DTPA (1.15 ± 0.17 versus 1.52 ± 0.29.
p<0.001). The area with the computer-assessed maximal signal
intensity ratio after Gd-DTPA was always within the areas of maximal
signal enhancement by visual assessment.
The intensity ratio before Gd-DTPA in the patients who were studied
early (group 1) (i .06± 0.12) was not significantly different from that in
the patients who were studied late (group 2) (1.19 ± 0.18). After
administration of Gd-DTPA patients in group 1 showed intensity ratios
of 1.38 ±0.12 and those in group 2 1.61 ± 0.34 (p<0.05) (Fig. 4). There
was a significant correlation between time to MRI and intensity ratio
after Gd-DTPA (Spearman rank correlation coefficient: 0.34; p<0.05).
Infarct size had no significant effect on signal intensities. Before
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administration of Gd-DTPA the intensity ratio of the patients with
small to moderate infarcts (HBDH release less than 1000 U/l) was
1.15 ± 0.20 and the intensity ratios of the patients with a large infarct
size (HBDH release more than 1000 U/l) were 1.14 ± 0.16 (p=NS).
After administration of Gd-DTPA the small infarct size group showed
intensity ratios of 1.52 ± 0.36 versus 1.52 ± 0.24 (p=NS) in the large
infarct size group (Fig. 5).
There were no differences in intensity ratios between patients with an
anterior wall infarction and those with an inferior wall infarction.
Before administration of Gd-DTPA the intensity ratios were 1.16
+ 0.19 and 1.13 ± 0.16 in anterior and inferior wall infarction
respectively, and after Gd-DTPA the intensity ratios were 1.62 ± 0.37
and 1.42 ± 0.17 respectively (both p=NS) (Fig. 6).

Fig. 5
Intensity ratio before and after
Gd-DTPA administration in relation
to infarct size (small to moderate
infect size (HBDH release <1000 U/l)
versus large infarct size (HBDH
release >1000 U/l). There was no
significant effect of infarct size on
signal intensity ratio before or after
Gd- DTPA administration. Within each
group the intensity ratio increased
significantly after Gd-DTPA
administration (* p<0.001).
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Fig. 6
Intensity ratio before and after Gd-
DTPA administration in relation to
infarct site (inferior versus anterior).
There was no significant effect of infarct
site on intensity ratio before or after
Gd-DTPA administration. Within each
group the intensity ratio increased
significantly after Gd-DTPA
administration (* p<0.001).

No differences in intensity ratio were seen between angiographically
documented reperfused and nonreperfused myocardial areas after Gd-
DTPA. Before Gd-DTPA the intensity ratios were 1.16 ± 0.18 and 1.11
±0.15 respectively (p=NS) (Fig. 7).
Homogeneous contrast enhancement (type I) was seen in five (26%) of
the 19 patients who showed reperfusion and in one (12.5%) of eight
patients who did not show reperfusion, indicating that this criterion has
a low sensitivity for reperfusion.
Although there was inhomogeneous contrast enhancement (type II) in
seven (87.5%) of eight patients without reperfusion, this was a
nonspecific phenomenon because it was also seen in 11 (58%) of
19 patients who showed reperfusion.

Fig. 7
Intensity ratio before and after
Gd-DTPA administration in relation
to the effect of thrombolysis
(reperfusion versus no reperfusion).
There was no significant effect of
thrombolysis on intensity ratio before
or after Gd-DTPA administration.
Within each group the intensity ratio
increased significantly after Gd-DTPA
administration (* p<0.001).
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DISCUSSION

This study extends our previous findings that the contrast agent Gd-
DTPA significantly improves the detection of infarcted myocardium
on Tl-weighted spin-echo images12 lfi2021.
The use of Gd-DTPA as a paramagnetic MRI contrast agent to assess
coronary artery disease was thoroughly investigated in experimental
studies' V l \ Wesbey et al.l3 administered Gd-DTPA to dogs 20 minutes
after coronary artery ligation. Nonischemic zones from hearts in dogs
injected with Gd-DTPA showed significantly shorter relaxation times
than infarcted zones excised 90 seconds after the administration of Gd-
DTPA. In contrast, 5 minutes after injection, infarcted myocardium
showed shortened relaxation times while noninfarcted myocardium
returned to normal values, suggesting early accumulation in and
clearance from normal myocardium and delayed accumulation in and
clearance from infarcted myocardium. Administration of Gd-DTPA
considerably shortens Tl relaxation time in the infarcted areas and so
enhances the signal intensity in the infarcted myocardium. In our study,
both visual inspection and measurement of signal intensities allowed
cleardelineationof infarcts on the post-contrast images. Our study also
showed increased signal intensity after Gd-DTPA both in the infarcted
and noninfarcted areas.
These findings accord with those of Eichstaedt et al.1" who used Gd-
DTPA to investigate 26 patients after a sustained myocardial
infarction. Eleven patients were imaged 5-10 days after infarction
(designated acute infarcts) and 15 patients were imaged later. Signal
intensity within areas of acute infarction was increased by an average
of 70% compared with the pre-contrast images, while the noninfarcted
areas showed an average increase of 20% after Gd-DTPA. In the
remaining 15 patients no significant contrast enhancement was seen
after the administration of Gd-DTPA. Since in Eichstaedt et al.'s
study10 the minimum interval between the onset of infarction and MRI
was 5 days, it contains no data about the most acute phase of infarction.
In a preliminary study at our hospital, five patients underwent MRI
with Gd-DPTA 2-17 days after myocardial infarction12. The signal
intensity ratio of infarcted versus normal myocardium was
significantly greater after the administration of Gd-DTPA than before
Gd-DTPA. Moreover, the use of Gd-DTPA improved infarct definition
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and obviated the need for the more time-consuming T2-weighted
imaging approach. These findings were confirmed in 17 patients with
acute myocardial infarction who showed an average increase in signal
intensity of 20% in normal areas and 45% in infarcted areas16 2".
Maximal contrast was measured 15-25 minutes after the administration
ofGd-DTPA.
A remarkable finding in the present study was the significant
enhancement of signal intensity in the infarcted areas of the patients
who were studied more than 72 hours after the acute event compared
with the signal intensities of those patients who were studied earlier.
This suggests greater delivery or slower wash-oui of Gd-DTPA or both
in a later stage of the infarct process. The supply of Gd-DTPA most
probably depends on the extent of collateral circulation,
neovascularisation, and on slow wash-out from the infarct zone caused
by cellular damage. These histopathological processes occur later in
the course of the healing process of the infarction and this may explain
our findings of increased signal intensity at that time. Our data are
supported by those of Rehr et al.'4 who showed improved detection
with Gd-DTPA in experimental acute myocardial infarction; this effect
was more prominent in dogs imaged after 4 or 5 days than in those
imaged after 1 or 2 days. Nishimura et al.2' studied 12 patients with

• acute myocardial infarction and Gd-DTPA at four different points in
''\ time (on average 5, 12, 30 and 90 days) after the acute onset. An
; increase of signal intensity in the infarcted areas was observed in 75%,
(;• 83%, 50%, and 17% respectively of the patients studied.
I ' We found no difference in signal intensity between small and large
I infarcted areas, based on a cut off point of 1000 U/l of HBDH release.
| Because we used only a few slices per MRI, an anatomical assessment
I of infarct size was not performed because the extent of infarction can
H only be assessed by a multislice imaging technique encompassing the
f whole left ventricle. We found no difference in signal intensity
I between anterior and inferior infarcts.

MRI with Gd-DTPA did not allow the noninvasive identification of
patients with early reperfusion after thrombolytic treatment and those
without, because we were unable to show differences in signal intensity
or in morphological appearance between reperfused and nonreperfused
areas. Previous experimental data from McNamara et al.18 had shown
that Gd-DTPA significantly shortened Tl in myocardial regions with
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irreversible injury, while no differences in signal intensity or relaxation
times were seen in reversibly injured myocardium. Peshock et al.19

showed in dog hearts that contrast enhancement after Gd-DTPA was
considerably augmented in reperfused myocardium with a uniform
contrast pattern in reperfused hearts and a nonuniform contrast
enhancement in nonreperfused hearts. However, it is difficult to
compare our clinical observations with those of earlier experimental
studies1714. Peshock et al.19 performed MRI immediately after
controlled episodes of coronary artery ligation, which in some
instances were followed by 1 hour of reperfusion. In contrast, in our
patients the mean interval between the onset of infarction and MRI was
93 hours, and only one patient could be studied within 24 hours of acute
coronary arteriography. At that time the infarct related arteries may be
reoccluded and it is therefore not known whether or not the areas were
reperfused during the imaging procedure. Unfortunately, we found it
impracticable to study patients earlier after acute coronary
arteriography.
The number of patients without reperfusion may have been too small
for any differences between them and those who had early reperfusion
to be statistically significant but it seems unlikely that a larger sample
size would show clinically relevant differences. Been et al.7 found no
differences in Tl values (without the use of Gd-DTPA) between
patients with reperfusion and those without, suggesting that alterations
in Tl are complex and do not reflect specific histological findings.
Perhaps more accurate MRI measurements of infarct size may be
helpful in distinguishing between reperfused and nonreperfused
myocardium-4, but appropriate software programs have yet to be
developed. Furthermore, determinations of infarct size from the
cumulative release of HBDH have clearly showed that, although the
mean infarct size was smaller in patients with successful thrombolytic
treatment, there was considerable overlap with patients in whom no
recanalization was achieved15. In the current study we found no
significant difference in enzymatically determined infarct size.
Our study shows that Gd-DTPA improves the detection and
localization of infarct zones by MRI by a Tl-weighted spin-echo
sequence in patients treated with thrombolysis for acute myocardial
infarction, but is of little if any value in the noninvasive identification
of patients in whom thrombolytic treatment was successful. Our
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finding that maximal contrast enhancement is achieved more than
72 hours after the onset of acute myocardial infarction is clinically
relevant because this suggests that Gd-DTPA enhanced MRI studies in
patients with acute myocardial infarction should be delayed until they
are beyond the critical phase of infarction.
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ABSTRACT

The value of gadolinium enhancement to enable detection of infarcted myocardium
at Tl-weighted MRI was assessed in 84 patients after acute myocardial infarction.
Five healthy subjects served as controls. All patients underwent MRI before and
20 minutes after administration of Gd-DTPA. Contrast enhancement of normal
myocardium varied 7% ±4% after administration of Gd-DTPA. Mean intensity ratio
after gadolinium enhancement in group 1 (imaging less than 1 week after acute
myocardial infarction), group 2 (imaging 1 -3 weeks after acute myocardial infarction),
and group 3 (imaging 3-6 weeks after acute myocardial infarction) was significantly
higher than before gadolinium enhancement. In group 4 (imaging more than 6 weeks
after acute myocardial infarction), no significant difference was observed. After
gadolinium fnhancement, the intensity ratio was abnormally increased in 82% of the
examinations in group I, in 62% of group 2, in 58% of group 3 and in 12% group 4.
Gadolinium enhancement improved visualization of myocardial infarction at MRI up
to 6 weeks after onset of symptoms and had a maximal effect within 1 week after acute
myocardial infarction.

INTRODUCTION

MRI is a tomographic technique with high spatial resolution that
depicts good natural contrast between ventricular walls and cavities.
Left ventricular wall thickness, mass and ejection fraction can be
accurately determined16; in addition, MRI enables characterization of
myocardial tissue using Tl and T2 relaxation times7. Experimental and
clinical studies have shown that T2-weighted spin-echo MR images
depict acutely infarcted myocardium as areas with increased signal
intensity, increased flow signal in the ventricular cavity, and local wall
thinning7''. However, there is a considerable overlap between
characteristics of normal and infarcted myocardium; this overlap
relates particularly to increased myocardial and cavitary signal10.
Therefore, exact delineation of acute myocardial infarction with MRI
may be improved by the use of paramagnetic contrast agents9'".
By using the paramagnetic contrast agent Gd-DTPA, the depiction of
infarcted myocardium at MRI early after acute myocardial infarction
is improved, as has been shown in experimental and clinical studies""
ig. Although the depiction of acute myocardial infarction is similar on
T2-weighted images with a TE of 60 msec and gadolinium enhanced
Tl-weighted images with a TE of 30 msec, image quality is superior
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the gadolinium-enhanced, short echo time technique is used15.
Presently, only few data are available about the efficacy of gadolinium
enhancement at longer time intervals after acute myocardial infarction.
In the present study we assessed the value of use of Gd-DTPA in the
depiction of infarcted myocardium at MRI, relating the diagnostic gain
to the time interval between the occurrence of infarction and
examination with MRI in patients treated either with or without
streptokinase.

PATIENTS AND METHODS

Eighty-four patients with acute myocardial infarction were studied
(67 men, 17 women; mean age 52 years, range 25-75). Eleven patients
were studied twice and eight patients, three times after the acute event
(for a total of 111 MR examinations). Sixty-six patients were studied at
Leiden University Hospital, and 18, at the Free University Hospital
Amsterdam. Anterior wall infarction was present in 50 patients and
inferior wall infarction in 34 patients. The diagnosis of acute
myocardial infarction was made on the basis of a history of typical
chest pain that lasted more than 30 minutes, characteristic
electrocardiographic changes and an elevation of serum creatine kinase
and creatine kinase-muscle/brain enzyme levels to at least two times
the upper limit of normal.
Sixty-nine patients also participated in a study on thrombolytic therapy
in acute myocardial infarction, and they were treated with 1,500,000 IU
of intravenous streptokinase within 4 hours after the onset of chest
pain.
In addition, five subjects without heart disease were studied with
gadolinium-enhanced MRI. All subjects gave informed consent before
undergoing MRI.
MR studies were performed at 0.5 T (Gyroscan; Philips Medical
Systems International, Best, The Netherlands) at Leiden University
Hospital or at 0.6 T (Teslacon II; Technicare/General Electric CGR,
Paris) at the Free University Hospital Amsterdam.
In the first 42 spin-echo MR examinations at 0.5 T of the patients with
acute myocardial infarction, in the five spin-echo MR examinations at
0.5 T of the subjects without heart disease, and in the 18 spin-echo MRI

91

M I ^ V P ^



examinations at 0.6 T, transaxial-orthogonal planes were used -
sagittal planes for inferior infarction and transverse planes for
anteroseptal infarction. In the remaining 51 examinations, spin-echo
MR examinations at 0.5 T were performed by means of multisection,
spin-echo acquisition in the true short-axis planes that encompass the
left ventricle. The true short-axis planes were defined by using a
definition of compound oblique imaging plane that was derived from
sagittal and coronal scout views.
Contiguous 10-mm-thick sections were obtained by using
electrocardiographic triggering at every heart beat. In addition, the TR
was determined on the basis of the heart beat interval by using
electrocardiographic triggering at every heart beat. Images were
obtained during the cardiac cycle at eight successive intervals after the
R-wave with and a TE of 30 msec. One slice with clear infarct
delineation was selected on each MR examination for measurement of
signal intensities.
A matrix size of 128x256 was used for acquisition; the images were
displayed with a 256x256 matrix. The field of view was 300 mm for all
examinations. The same multisection spin-echo sequence was
obtained 20 minutes after intravenous injection of Gd-DTPA 0.15
mmol/kg body weight. This time delay was chosen because we have
previously shown that optimal contrast enhancement for the detection
of acute myocardial infarction is obtained 20 minutes after
administration of Gd-DTPA!(1.
The 111 MRI examinations were divided into four groups according to
the time to imaging after onset of infarction. The 65 examinations of
group 1 patients were obtained within 1 week after acute myocardial
infarction; 56 examinations were of patients treated with thrombolysis
and nine were of patients treated without thrombolysis. The
26 examinations of group 2 patients were obtained 1-3 weeks after
acute myocardial infarction; 19 were of patients treated with
thrombolysis and seven were of patients treated without thrombolysis.
The 12 examinations of group 3 patients were obtained 3-6 weeks after
acute myocardial infarction; nine examinations were of patients treated
with thrombolysis and three were of patients treated without
thrombolysis. The eight examinations of group 4 patients were
obtained 6 weeks to 4 months after acute myocardial infarction; five
examinations were of patients treated with thrombolysis and three were
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Fig. 1

Apex
Anterior

Septum Lateral

Posterior

Transversal (left) and short-axis (right) planes used for measurement of
myocardial signal intensity by region of interest analysis.
R V = right ventricle; LV = left ventricle; Im = signal intensity myocardium;
Intensity ratio - Im (infarcted myocardium) / Im (normal myocardium).

of patients treated without thrombolysis. The quality of the images of
one patient treated with thrombolysis (two MRI examinations from
group 2) was inadequate and these MR images were excluded from the
study; therefore 109 MR examinations were analyzed.
All images were evaluated quantitatively by using computer-assisted
determination of signal intensities by means of analysis of regions of
interest (approximately 1 cm2) by two independent observers who were
blinded to patient identity (Fig. 1). Mean values of measurements
obtained by the two observers were determined for both precontrast
and postcontrast images. In a previous study at our institution the inter-
and intraobserver variability for intensity ratio were 3% and 3%
respectively15. The intensity ratio, defined as the signal intensity in
infarcted myocardium relative to that in normal myocardium was
measured in each image.
In the subjects without heart disease, we also determined signal
intensities by analysis of regions of interest. In these cases, intensity
ratio was defined as the ratio of the mean signal intensity of the
myocardium with relative high signal intensity to the mean signal
intensity of the myocardium with relative low signal intensity.
The multiple t-test was used for calculation of differences in intensity
ratio of infarcted and normal regions at different time points. A p-value
<0.05 was considered significant.
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RESULTS

In the subjects without heart disease, the intensity ratio before and after
injection of Gd-DTPA was 1.03 ± 0.07 versus 1.11+ 0.08 (p=0.02).
The Table shows the individual intensity ratio data before and after
administration of Gd-DTPA. Little variability in contrast enhancement
of noninfarcted myocardium was indicated after administration of
Gd-DTPA (Fig. 2). The increase in intensity ratio for images of
patients without heart disease was 7% ± 4%; therefore, an increase of
more than 15% after gadolinium enhancement in patients with acute
myocardial infarction was considered abnormal (the mean increase in
intensity ratio plus two standard deviations above the mean intensity
ratio).

Intensity Ratio before and after administration of Gd-DTPA in five healthy subjects

Subject

1
2
3
4
5

IR before
Gadolinium

enhancement*

1.07
1.02
1.11
1.04
0.93

IR after
Gadolinium

enhancement*

1.20
1.12
1.16
1.06
0.99

IR change
(7r)**

12
10
4
2
6

IR: Intensity Ratio.
* : Mean + standard deviation = 1.03 ± 0.07 before gadolinium enhancement

and 1.11 ± 0.08 after gadolinium enhancement (p = 0.02).
**: Mean + standard deviation = 1% + 4%.

After administration of Gd-DTPA in patients with atate myecardial
infarction, the intensity ratio was significantly higher than it was before
gadolinium enhancement: group 1, 1.46 + 0.7.5 versus 1.11 ±0.15
(p <0.001); group 2,1.48 ± 0.22 versus 1.19 ± 0.25 (p <0.001); group 3,
1.3410.28 versus 1.13 ±0.18 (p <0.05): and, group 4, 1.16 + 0.17
versus 1.17 + 0.15 (p=NS) (Fig. 3).
After administration of Gd-DTPA, an abnormal increase in intensity
ratio was measured in 53 of 65 group I examinations (82%), in 15 of 24
group 2 examinations (62%), in seven of 12 group 3 examinations
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2A

Fig. 2 Transversal MRI scans of a subject without heart disease before (2A) and
after (2B) administration of Gd-DTPA. Note a slight increase in signal
intensity of the myocardium after Gd-DTPA administration showing an
inhomogeneous distribution of contrast.

(58%), and in one of eight group 4 examinations (12%) (Fig. 4).
Intensity ratio after administration of Gd-DTPA in the subgroups of
patients treated with and without streptokinase was 1.42 ± 0.23 versus
1.53 ±0.18 in group 1, 1.46 ± 0.18 versus 1.54 ± 0.31 in group 2,
1.39 + 0.32 versus 1.22 ± 0.19 in group 3. and 1.18 ± 0.21 versus
1.12 ± 0.17 in group 4 (Fig. 5). All p values were not significant.
The areas of acute infarction seen on MR images corresponded well to

Fig. 3
Bar graphs depict Intensity Ratio
(± standard deviation) before (open
column) and after (shaded columnm)
administration of Gd-DTPA in each
group.
*** p< 0.001
** p < 0.05
* p=NS
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Fig. 4
Bar graphs depict percentage of total
number of MR examinations with an
abnormal increase (> 15%) in intensity
ratio after Gd-DTPA enhancement.
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Fig. 5
Bar graphs depict intensity ratio after
administration of Gd-DTPA in the
subgroups of patients treated with (shaded
column) and without (open column)
thrombolysis (* p = NS).

the infarct locations identified with electrocardiography in the patients
with abnormal increase in contrast enhancement after administration
of Gd-DTPA.
Figures 6 and 7 show typical examples of short-axis, midventricular
MR images of the same patient 1 week and 2 months after acute
myocardial infarction, before and after administration of Gd-DTPA.
AH 84 patients tolerated intravenous injection of Gd-DTPA well. No
adverse side effects were noticed. Only one patient refused to undergo a
second MR examination, because of claustrophobia.

DISCUSSION

This study extends and corroborates our previous findings that use of
the paramagnetic contrast agent Gd-DTPA improves depiction of
infarcted myocardium on Tl-weighted spin-echo MR images that are
obtained soon after acute myocardial infarction1517.
In the present study we quantitatively determined the increase in signal
intensity of infarcted myocardium after administration of Gd-DTPA at
increasing time intervals after acute myocardial infarction.
Significantly higher intensity ratios were demonstrated after
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Fig. 6 MR images of a short-axis, midvcntriculur section of a patient with
transmural inferior wall infarction obtained 1 week after infarction, before
(6A) and 20 minutes after (6B) administration of intravenous Gd-DTPA.
Increased signal intensity of the inferior wall is visible after gadolinium
enhancement.

7B

Fig. 7 MR images of the same patient as in Fig. 6. These images were obtained
2 months after infarction, before (7A) and 20 minutes after (7B)
administration of intravenous Gd-DTPA. Only minor enhancement of the
signal intensity of the inferior wall is observed after Gd-DTPA.
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gadolinium enhancement up to 6 weeks after acute myocardial
infarction. The increase in intensity ratio was most prominent in the
MR examinations performed within 1 week after acute myocardial
infarction and declined over the next 5 weeks. No significant uptake of
Gd-DTPA occurred in chronic myocardial infarction. Therefore, the
optimal moment for detection of infarcted myocardial areas with
gadolinium-enhanced MRI appears to be within 1 week after onset of
symptoms.
On the basis of differences in intensity ratios, Gd-DTPA enhanced MRI
did not enable distinction of patients treated with and those treated
without streptokinase. These findings agree with those of our previous
preliminary findings17, which showed no significant differences in
intensity ratio between reperfused and nonreperfused myocardium
soon after acute myocardial infarction. However, the number of
patients who did not undergo reperfusion therapy and who were studied
at longer time intervals after acute myocardial infarction was small,
precluding definitive conclusions on the basis of findings from our
experiments.
We also observed a variability in gadolinium enhancement in subjects
without heart disease of 7% ± 4%, therefore, an increase in intensity
ratio of more than 15% was considered to be abnormal. To our
knowledge, ours is the first article to offer quantitative analysis of
gadolinium enhancement of myocardium in subjects both with and
without heart disease.
After intravenous administration, Gd-DTPA (molecular weight
590daltons) equilibrates rapidly within the extracellular fluid
space1819. The amount of Gd-DTPA supplied to acutely infarcted
myocardium probably depends on residual vascular supply and local
myocardial factors such as cellular damage and tissue edema. These
conditions lead to slow movement of Gd-DTPA into and out of the
infarct zone. Primarily, leakage of Gd-DTPA into the necrotic muscle
is measured. In chronic infarcts, the myocardial tissue is replaced by
scar tissue, which has little extracellular fluid space. Therefore, no
uptake of Gd-DTPA will take place in healed infarcted myocardium,
and, subsequently, no increased signal intensity will be detected on
gadolinium-enhanced MR images.
To date, only few clinical studies have reported the use of gadolinium-
enhanced MRI in patients with myocardial infarction2021. Eichstaedt

98



et al.20 investigated 26 patients with acute myocardial infarction with
gadolinium-enhanced (0.1-0.2 mmol/kg body weight) MRI. Eleven
patients underwent MRI 5-10 days after infarction, and 15 patients
underwent MRI at later time intervals. In the 11 patients, signal
intensity within areas of acute infarction was increased by an average
of 70% compared with that of the precontrast images. In the remaining
15 patients no significant contrast enhancement was seen after the
administration of Gd-DTPA. In our study, however, sustained increase
in intensity ratio was observed in 62% of the patients who were studied
between 1 -3 weeks after acute myocardial infarction.
Nishimura et al.21 studied 17 patients with Gd-DTPA enhanced
(0.15 mmol/kg body weight) MRI at an average of 5,12,30 and 90 days
after acute myocardial infarction. At these four points in time, the
percentage of patients with increased signal intensity on gadolinium-
enhanced MR images first increased to 94% (day 12) and then
gradually decreased to 38%. The mean increase of signal intensity in
the infarcted area after administration of Gd-DTPA was significantly
higher than before at day 5 and 12, but not at days 30 and 90. Nishimura
et al.21 did not include a control group of subjects without heart disease
in whom to investigate the effects of gadolinium enhancement on
myocardial signal intensity. Furthermore, they divided their patients
into separate groups according to the visual aspect of infarcted
myocardium on gadolinium-enhanced MR images.
To date, gadolinium is the only paramagnetic contrast agent which can
be used in a clinical setting. Chelation of gadolinium with the ligands
diethylene triaminepentaacetic acid18 ig or tetraazacyclododecane
tetraacetic acid2223 markedly reduces the toxicity of gadolinium. To our
knowledge, no evidence exists of dissociation of the gadolinium ion
from the diethylene triaminepentaacetic acid ligand. Gd-DTPA is
almost completely eliminated within the first few hours after
intravenous injection, having a half-time of 20 minutes. Therefore, a
small but marked signal enhancement of normal myocardium
20 minutes after injection of Gd-DTPA is still present.
Intravenous administration of Gd-DTPA was tolerated well by our
patients. No adverse side effects were noted with a dose of 0.15 mmol/
kg body weight. In a review by Niendorf24, the tolerance and safety of
Gd-DTPA in 7,000 patients appeared to be excellent. Only recently,
one anaphylactoid reaction to Gd-DTPA was reported25.
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On the basis of the extent of myocardial enhancement with Gd-DTPA,
gadolinium-enhanced MRI may prove to be a reliable technique for the
noninvasive assessment of acute myocardial infarct size as has been
suggested by De Rooset al.26. This finding is of particular relevance for
studies assessing the effect of various interventions in acute
myocardial infarction.
Information about the myocardium (after gadolinium enhancement) in
combination with wall motion abnormalities can be obtained at T l -
weighted spin-echo or fast-field echo, short axis MRI. Whether use of
this MR technique proves to have great potential for the evaluation of
the extent and location of acute myocardial infarction depends on
findings in further studies. These studies should compare infarct size as
depicted with gadolinium-enhanced MRI with other imaging
modalities and with enzymatic methods.
In summary, gadolinium-enhanced MRI is an appropriate technique
for the depiction of acute myocardial infarction. Use of Gd-DTPA
significantly increases signal intensity of acutely infarcted
myocardium at MRI up to 6 weeks after acute myocardial infarction,
but the majority of patients show maximal increase within 1 week after
the acute event.
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ABSTRACT

Gd-DTPA enhanced MRI for characterization of infarcted and normal myocardium
was performed in an in vivo porcine model. MR images were made before, I week
and 3 weeks after coronary artery occlusion. Complete examination was obtained in
eight pigs. One week after infarction, pattern 1 myocardial infarction (dark core/
white rim) appeared on MR images of five pigs, and on MR images of three of these
five pigs, 3 weeks after infarction, both at 5 minutes after Gd-DTPA administration
(0.15 mmol/kg body weight). Pattern 2 myocardial infarction (enhanced core/white
rim) was observed on all images, 30 minutes after Gd-DTPA, both at 1 and 3 weeks
after infarction. Infarct size measured by static as well as dynamic MRI, 3 weeks after
infarction. (2.0 ± 1.0 g and 2.2 ± 0.9 g respectively) corresponded well with
pathologic assessment of infarct size (2.1 ± 1.4 g). Left ventricular (LV) ejection
fraction before surgery was 52% ± 7% and remained unchanged during follow-up.
LV mass measured at static MRI increased from 71.8 ± 5.2 g to 78.1 ± 4.5 g
(10.6% ± 8.5%) and measured at dynamic MRI from 72.8 ± 2.6 g to 81.0 ± 7.8 g
(11.5% ±5.1%) from pre-surgery to 1 week post-surgery and increased further to
85.4 ± 5.4 g (9.4% ± 3.2%) at static MRI and 86.6 ± 7.8 g (9.1 % ± 4.6%) at dynamic
MRI in the next 2 weeks, indicating increase of myocardial mass during follow-up.
LV mass at pathology was 85.4 ± 7.3 g, not significantly different compared with
MRI 3 weeks post-surgery. Gd-DTPA enhanced MRI identifies infarcted
myocardium in an in vivo porcine model with great sensitivity. In addition, changes
in LV ejection fraction and mass can be followed with this technique, allowing the
assessment of compensatory hypertrophy or ventricular remodelling in infarcted
myocardial tissue.

INTRODUCTION

MRI is a noninvasive cardiac imaging technique with high spatial
resolution. MRI provides three-dimensional tomographic information
of the myocardium since it encompasses the entire heart and is
unencumbered by the geometric assumptions made by contrast
angiography1. Newer MRI techniques suitable for acquiring
quantitative functional indices of the heart utilizing both spin-echo and
gradient-echo sequences have recently become available2"4.
Furthermore, MRI offers a unique potential to differentiate between
normal and recently infarcted myocardium by its property of tissue
characterization. Acutely infarcted regions show prolongation of the
T2 relaxation time3 and the infarcted regions are visible on T2-
weighted spin-echo MR images as areas with increased signal
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intensity6. Detection of acute myocardial infarction and myocardial
ischemia appears to be improved with the use of the paramagnetic
contrast agent Gd-DTPA and Tl-weighted spin-echo MRI7'10.
However, it is not exactly known whether the areas of abnormal signal
observed with Gd-DTPA enhanced MRI accurately represent the area
of infarction. Furthermore, only few data are yet available on the
evolutionary changes of the degree and extent of signal abnormality on
Tl-weighted MRI after administration of Gd-DTPA at longer time
intervals after acute myocardial infarction.
In this experimental study we evaluated the potential of Gd-DTPA
enhanced MRI to obtain quantitative information of normal and
infarcted myocardium, left ventricular (LV) ejection fraction and LV
mass with a single MR examination in growing young domestic pigs
before, 1 week and 3 weeks after surgically induced myocardial
infarction.

SURGICAL PROCEDURE

All animal experiments were performed within guidelines established
by the Committee on Animal Experiments of our institution.
Twelve domestic pigs of either sex, mean age 3 months, and mean

Table 1. Overview of the pigs used in the study.

Animal Weight prior
to operation

(kg)

Occluded
coronary artery

MRI
before
surgery

MRI
1 wk after
surgery

MRI
3 wks after

surgery

MRI ex
vivo

1
2
3
4
5
6
7
8
9

10
11
12

24.3
29.6
30.0
33.4
30.5
26.5
26.0
28.8
24.3
30.0
29.0
30.1

Diagonal
Obtuse Marginal
Obtuse Marginal
Obtuse Marginal

Diagonal
Diagonal
Diagonal
Diagonal
Diagonal
Diagonal
Diagonal
Diagonal

Animals I-4 died within 1 week after surgery.
- no MRI study performed. * MRI study performed.

r
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weight 29.4 kg, were studied (Table 1). The animals were anesthetized
with azaperone (2 mg/kg body weight) and atropine (0.05 mg/kg body
weight) administered intramuscularly, and metomidate (20 mg/kg
body weight) administered intraperitoneally. The animals were
ventilated with a gas mixture containing 50% oxygen, 50% nitrous
oxide, and 3-4% isofluothane as a muscle relaxant. Then, they were
intubated and ventilated artificially with a gas mixture containing 50%
oxygen, 50% nitrous oxide, and 1 % isoflurane. A thoracotomy was
performed through the fourth or fifth left intercostal space. After the
thorax was opened, pancuronium (4 mg bolus injection) was added
intravenously. The heart was exposed, and the pericardium was
opened. Lidocaine (50 mg bolus injection, followed by continuous
infusion of 2 mg per minute) was administered to prevent arrhythmias.
A diagonal branch of the left anterior descending coronary artery or the
obtuse marginal branch of the left circumflex coronary artery was
ligated with a suture. After a period of 30 minutes the thorax was
closed. Isoflurane was stopped and a combination of atropine (1 mg)
and neostigmine (0.5 mg) was added intravenously to neutralize
pancuronium. During 12 days after surgery procaine benzylpenicillin
(300,000 IU), and gentamicin (50 mg) were administered
intramuscularly daily. During the imaging procedures, before, 1 week
and 3 weeks after surgery, the animals were kept sedated with
azaperone, atropine and metomidate at the same dose as was
administered before surgery. After the last in vivo imaging procedure,
the animals were sacrificed with a bolus injection of potassium
chloride. The hearts were then excised, rinsed with saline, and cooled
on ice. MR images of the isolated heart were obtained. The following
day, the heart was sliced and stained with Nitroblue tetrazolium.

MAGNETIC RESONANCE IMAGING

MRI was performed at 1.5 T (Gyroscan; Philips Medical Systems
International, Best, The Netherlands). The animals were examined
with the standard body coil. True short-axis planes were defined by
means of compound oblique imaging planes derived from sagittal and
coronal scout views. In vivo spin-echo images were recorded 1-3 days
before, and at 1 week and 3 weeks after coronary artery occlusion. For
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electrocardiographic gating three leads were attached to the thorax.
The electrocardiogram derived from these leads was transmitted by
telemetry to a Hewlett-Packard electrocardiographic monitoring
system connected to the Philips triggering module of the MRI
apparatus. Data acquisition was triggered by the R-wave of the
electrocardiogram.
Eight short axis slices were taken with 7 mm thickness each and a
2.1 mm slice interval. TE was 20 msec, TR was equal to the RR-
interval (500-750 msec). The trigger delay times varied per slice from
9-324 msec after the R-wave (temporal spacing between phases 45
msec) (static MRI). The field of view was 300 mm. A matrix size of 256
x 154 pixels was used for acquisition, using two measurements per
average, whereafter the images were reconstructed and displayed as a
256 x 256 matrix (resolution 1.17 x 1.17 mm2). After performance of
the baseline MRI scans, all animals received 0.15 mmol/kg body
weight Gd-DTPA by intravenous injection through the ear. The same
multislice single phase (static) MRI acquisition was repeated twice:
5 and 30 minutes after administration of Gd-DTPA. The imaging
period for one MRI procedure varied between 5 and 10 minutes

Baseline static static static
scan scan dynamic scan scan

I/////A V////A Y/////////////////A V777Z7X
0 5 10 30 minutes

Gd-DTPA injection
0.15 mmol/kg bw

Fig 1. Schematic depiction oftheexperimental protocol at each MRI examination,
bw = body weight. •

(Fig. I). k
Between the second and third multislice imaging procedure, dynamic
cardiac MRI using a spin-echo sequence was performed. In order to ^
image each of the anatomic slices at multiple successive points in the *;

cardiac cycle, the slice excitation order was sequentially permuted with
each of the eight successive scans. This resulted in each of the eight
slices being imaged at eight phases of the cardiac cycle, so that these
images could be replayed in cine loops. With this approach
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approximately the first two thirds of the cardiac cycle could be
examined. Since the first image was begun 9 msec after the R wave, this
image was acquired during the isovolumic period during which the
enddiastolic volume is maintained. The endsystolic phase was defined
as the phase with the smallest left ventricular cavity area, usually
phase 5 (259 msec after the R-wave). The trigger delay times per slice
ranged from 9 to 446 msec after the R-wave (temporal spacing between
phases 62 or 63 msec) (dynamic MRI). The field of view was 300 mm.
A matrix size of 128 x 76 pixels was used for acquisition, using two
measurements per average, whereafter the images were reconstructed
and displayed as a 256 x 256 matrix. The time required for obtaining
these dynamic images was 15-20 minutes (Fig. 1).

Images of the hearts after excision were acquired with a 30 cm head
coil. Eleven T2-weighted spin-echo images were obtained from the
excised hearts. TE was 70 msec and TR was 1500 msec. Slice thickness
was 7 mm each with an interslice gap of 0.7 mm. Field of view was 200
mm. A matrix size of 256 x 154 pixels was used for acquisition, using
two measurements per average, whereafter the images were
reconstructed and displayed as a 256 x 256 matrix (resolution 0.78 x
0.78 mm2).

PATHOLOGY

After MRI, the hearts were cut in 10 mm slices parallel to the
atrioventricular groove. Each slice was weighed and stained with
Nitroblue tetrazolium (NBT, Sigma). Normal myocardium becomes
grossly dark-blue or purple, whereas infarcted cardiac tissue remains
unstained" i2. NBT 0.25% was dissolved in 0.2 M Tris-buffer (pH=7.8)
with a few grains of phenazine methosulphate. The slices were
incubated in this medium at 37 °C for 5-10 minutes. After rinsing with
saline the slices were fixed in 4% formalin for at least 24 hours. Then
again the slices were weighed. The NBT-stained slices were
photographed, followed by dissection of the free wall of the right
ventricle, atrioventricular valves, great vessels, epicardial fat and atria.
The LV was weighed and used as the reference for comparison with
MRI.
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IMAGE ANALYSIS

A. MR IMAGES

One observer determined myocardial signal intensities, infarct size,
myocardial mass and left ventricular ejection fraction with MRI and
repeated the measurements in the same images 2 weeks later to
determine intraobserver variability. The average of these
determinations was compared with those of a second observer to
determine interobserver variability.

A.I. IN VIVO MRI

- Intensity Ratio (IR)

The MR images were analyzed by means of software available on the
imager. The MR images were visually assessed for the presence of
signs indicative of myocardial infarction. Quantitative evaluation of
contrast enhancement was performed with computer-assisted
determination of signal intensities of regions of interest. Signal
intensities were obtained from normal myocardium, infarcted
myocardium, and from skeletal muscle. The signal intensity of skeletal
muscle remained unchanged after administration of Gd-DTPA.
Therefore, skeletal muscle was used as a reference. The signal
intensities were expressed in terms of two different intensity ratios
(IR).
IR (norm/skel muse) was the ratio of the signal intensity of normal
myocardium to the signal intensity of skeletal muscle, giving the
dynamic changes of contrast enhancement in normal myocardium after
administration of Gd-DTPA.
IR (inf/norm) was the ratio of the signal intensity of infarcted
myocardium to the signal intensity of normal myocardium, giving the
dynamic changes of contrast enhancement in infarcted myocardium in
relation to normal myocardium after administration of Gd-DTPA.
IR (norm/skel muse) and IR (inf/norm) were measured in the static
MR images before, 1 and 3 weeks after surgery.
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- Infarct size

The infarcted myocardial borders were manually outlined on the
imager. The extent of infarcted myocardium was measured by means
of the Simpson's rule according to the following formula:

Infarct mass = I INF • (THK + GAP) • 1.05 (Eq. 2)

where X is summation over the slices involved, INF is the outlined
infarcted area (cm2) in the slices with signs of infarction, THK is the
slice thickness (cm), GAP is the interslice gap (cm) and 1.05 represents
the density of the myocardium (g/cm3). Infarct mass (g) was calculated
on the static MR images 5 and 30 minutes after administration of Gd-
DTPA. The two values were averaged, yielding the mean infarct mass
on static MRI. Infarct mass was also calculated on the enddiastolic and
endsystolic dynamic MR images, according to the same formula, and
averaged.

- LV ejection fraction

For all consecutive slices of the heart, enddiastolic and endsystolic
endocardial contours were manually drawn on the computer screen.
LV ejection fraction was calculated according to the following
formula:

LV ejection fraction =
( I (DIAST - SYST) / 1 DIAST) • 100% (Eq. 3)

where £ is summation, DIAST the outlined enddiastolic endocardial
area (cm2) and SYST the outlined systolic endocardial area (cm2).

- LV mass

LV mass was calculated with MRI using the Simpson's reconstruction
according to the following formula:

LV mass = ( I (EPI - ENDO)) • (THK + GAP) • 1.05 (Eq. 4)
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where £ is summation, EPI is the area enclosed by the epicardium
(cm2), ENDO the area enclosed by the endocardium (cm2), THK slice
thickness (cm), GAP the interslice gap (cm) and 1.05 represents the
density of the myocardium (g/cm3). The epicardial and endocardial
borders of the LV were manually outlined on the imager. Mass (g) was
calculated on the static MR images before, 5 and 30 minutes after Gd-
DTPA and averaged. Mass was also calculated on the enddiastolic and
endsystolic dynamic MR images, according to the same formula and
averaged.

A.2. EX VIVO MRI

Infarct mass (g) of the excised hearts was also calculated on the T2-
weighted MR images according to the aforementioned Simpson's
rule.

B. NBT-STAINED MYOCARDIUM

Photographs of the NBT-stained slices were digitized using a video
frame buffer and analyzed with standard software equipment (Kontron
Bildanalyse). In the slices with signs of infarction, the infarcted borders
were manually traced. The infarcted area at the apical side and at the
basal side of each slice were summed and averaged, giving the mean
infarct area per slice. Infarct mass was calculated as follows:

Infarct mass = CL mean infarct area per slice) • THK • 1.05 (Eq. 5)

where £ is summation, THK is the slice thickness (cm) and 1.05
represents the density of myocardium (g/cm1); mean infarct area per
slice is expressed in cm2 and infarct mass in g.

STATISTICAL ANALYSIS

All data are expressed as mean ± standard deviation. The repeated-
measures analysis of variance (ANOVA) with the Student-Newman-
Keuls test was used for calculation of differences in IR, infarct size as
well as LV mass and LV ejection fraction. Standard linear regression
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analysis was applied for comparison of LV mass obtained by different
techniques. A p-value <0.05 was considered significant.
Intraobserver and interobserver variability were expressed in terms of
percentage difference and 95% confidence interval (CI).

RESULTS

A. SURVIVAL AFTER SURGERY

Eight pigs completed the MRI procedures before surgery, and after
1 and 3 weeks following surgery (Table 1). These animals tolerated the
anesthetic procedures and MRI investigations well. Four pigs died
during or after surgery. One animal died during the operation due to
intractable ventricular arrhythmias; another animal died during the
anesthesia procedure prior to the first post-surgery MRI examination
and two animals died suddenly within 4 days after surgery. Three of
these four untimely deaths occurred in the animals with occlusion of
the obtuse marginal branch of the left circumflex coronary artery. In
these four pigs only in vivo MR images before surgery were obtained.
Due to insufficient data obtained by pathology, the MR images of four
untimely died animals (1 -4) were excluded for further analysis, leaving
eight pigs for complete examination. On the MR images of animal 5,
1 week post surgery, infarction could not be recognized. However, the
endocardial and epicardial borders could clearly be identified.

B. VISUAL ASPECT OF NORMAL AND INFARCTED
MYOCARDIUM

On the Tl-weighted in vivo MR images before surgery and on MR
images made either before or after administration of Gd-DTPA no
abnormally enhanced myocardial areas could be identified. Edge
detection at the endocardial and epicardial borders was facilitated by
the cinematic display of the multiphasic images. On these dynamic
images, displayed as a movieloop, no abnormal wall motion or
abnormal wall thickening during systole was demonstrated.
All Gd-DTPA enhanced MR images after surgery showed signs
indicative of myocardial infarction. On the static MR images before
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Table 2. Infarct

Pattern 1

Pattern 2

characterization 5 and 30 minutes

Week 1

5 min post
Gd-DTPA

5

2

30 min post
Gd-DTPA

0

7

after administration of Gd-DTPA

Week 3

5 min post
Gd-DTPA

2

6

30 min post
Gd-DTPA

0

8

Pattern 1: dark area surrounded by rim with high signal intensity
Pattern 2: enhanced signal intensity of the core surrounded by rim with high

signal intensity

Gd-DTPA administration infarcted myocardium could only vaguely be
identified as areas with irregular signal and/or local wall thinning; no
sharply delineated infarcted myocardial areas could be detected in
these images. However, after administration of Gd-DTPA the infarcted
areas were clearly visualized. The pattern of infarct delineation
differed depending on the time of imaging after administration of Gd-
DTPA and the time after surgery (Table 2). On the MR images (Fig. 2),
1 week after surgery and 5 minutes after Gd-DTPA administration, the

MR images of a short-axis section of pig 6 obtained 1 week after surgery.
5 minutes after (2A) and 30 minutes after (2B) administration of Gd-DTPA
(infarct pattern 1: arrow in 2A; infarct pattern 2: arrow in 2B).
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infarcted region appeared as a dark myocardial area surrounded by a
rim with high intensity in five out of seven animals (pattern 1). The
intensity of the dark core was lower than the intensity of the normal
myocardium at that time (Fig. 2A). In two animals infarct appeared as
an area with contrast enhanced centre surrounded by a rim with high
intensity (pattern 2). Thirty minutes after Gd-DTPA, all animals
showed pattern 2 (Fig. 2B).
Two weeks later, 5 minutes after Gd-DTPA administration, only two
animals showed dark infarcted regions surrounded by a rim with high
intensity (pattern 1). Six animals showed areas with pattern 2
infarction. Thirty minutes after Gd-DTPA injection again all animals
showed contrast enhanced myocardial areas with a rim of high intensity
(pattern 2).
Abnormal wall motion and absence of wall thickening together with
increased signal intensity were observed in all animals after surgery on
the dynamic MR images displayed as a movieloop on two or three out
of eight slices. On the T2-weighted MR images of the excised hearts,
infarcted myocardium was clearly visible as areas with homogeneously
increased signal intensity (Fig. 3) Infarcted myocardium could also
clearly be identified on the NBT-stained slices as unstained areas

i
Fig 3. Fig 4.
T2-weighted MR image of a short-axis NBT-stained short-axis slice of the heart
section of the excised heart of pig 6. Note of pig 6. The infarcted myocardium is
the area of infarction (arrow). unstained (arrow).
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(Fig. 4). The areas of myocardial infarction and wall motion
abnormalities observed on the dynamic MR images corresponded well
with the myocardial areas not stained by NBT.

C. INTENSITY RATIO

Before surgery the IR (norm/skel muse) rapidly rose from 1.20 ± 0.14
before administration of Gd-DTPA to 1.70 ± 0.30,5 minutes after G d -
DTPA (P<0.05). Thirty minutes after Gd-DTPA, IR (norm/skel
muscle) was 1.39 ± 0.18, significantly different compared with both the
pre-Gd-DTPA values and 5 minutes post-Gd-DTPA values (p<0.05).
The same trend was observed at 1 and 3 weeks after surgery. Only 1
week after surgery, IR (norm/skel muse) between pre-Gd-DTPA
(1.30 ± 0 . 0 6 ) and 30 minutes post-Gd-DTPA (1.42 ± 0 . 1 2 ) did not
attain significant difference (Fig. 5). These observations indicate that
maximal signal intensity of normal myocardium is reached early, and
that signal intensity of normal myocardium is back to or near to normal
after 30 minutes, following administration of Gd-DTPA.
One week after surgery IR (inf/norm) rose from 1.05 ± 0.08 before G d -
DTPA to 1.39 ± 0 . 1 5 , 30 minutes after administration of Gd-DTPA
(p<0.05). Three weeks after surgery IR (inf/norm) rose from
1.07 ± 0 . 1 2 before Gd-DTPA to 1.57 ± 0 . 1 3 , 30 minutes after

2.5-

2.0-
o

I 1.5,

| 1.0-
c

0.5-

0.0

; - i

i— * * -

r * -i

r * "i

before
surgery

1 week post
surgery

I

^ before Gd-DTPA

• 5 min after Gd-DTPA

H 30 min after Gd-DTPA

* p<0.05

** p = NS

3 weeks post
surgery

Fig 5. Intensity Ratio normal myocardium/skeletal muscle (± SD) before (dashed
column). 5 minutes after (open column) and 30 minutes after (shaded
column) administration of Gd-DTPA, before. 1 and 3 weeks post-surgery.
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Fig 6.

1 week post
surgery

3 weeks post
surgery

• before Gd-DTPA

^ 30 min after Gd-DTPA

* p<0.05

Intensity Ratio infarcted myocardium/normal myocardium (± SD) before
(open column) and 30 minutes after (shaded column) administration of Gd-
DTPA at 1 and 3 weeks post-surgery.

Gd-DTPA (P<0.05). IR (inf/norm) 30 minutes after Gd-DTPA
increased from 1.39 ±0.15, 1 week after surgery to 1.57 ±0.13,
3 weeks after surgery (p<0.05) (Fig. 6). Because of the appearance of
a dark centre surrounded by a white margin 5 minutes after
administration of Gd-DTPA in the majority of the pigs, no IR (inf/
norm) at that time point was computed.

D. INFARCT SIZE

The average infarct mass determined at pathology was 2.1 ± 1.4 g. The
infarct mass determined by static Gd-DTPA enhanced MRI (1 week
after surgery) was 2.0 ± 1.0 g, not significantly different compared
with pathology. Dynamic Gd-DTPA enhanced MRI (I week after
surgery) slightly overestimated true infarct mass (3.0 ± 0.9 g; p=0.02).
Two weeks later infarct mass assessed by both static and dynamic Gd-
DTPA enhanced MRI was not significantly different from pathology
(2.0 ± 1.0 g and 2.2 ± 0.9 g respectively).
Infarct mass determined on the MR images of the excised hearts was
2.2±0.8 g, which was not significantly different from pathology either.
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E. LV EJECTION FRACTION

LV ejection fraction before surgery was 52.1 % ± 7.3%, at 1 week after
surgery 55.3% ± 13.4% and at 3 weeks 59.7% ± 9.7%, all differences
not significant.

F. LV MASS

The postfixation total myocardial mass (right ventricle and LV) was
slightly underestimated compared with prefixation mass (mean
difference -3.5%; 95% CI -2.1% to -4.9%; p<0.05). Therefore,
postfixation left ventricular mass was corrected for this difference.

LV mass measured 3 weeks after surgery on static as well as dynamic
MR images did not differ from pathology (Fig. 7A and 7B). Percentual
difference between LV mass (pathology) and LV mass (determined
with static MRI) was 0.9% ± 4.3% (95% CI -2.7% to 4.5%, p=NS).
Percentual difference between LV mass (pathology) and LV mass
(determined with dynamic MRI) was -0.3% ± 1.5% (95% CI -1.6% to
1.0%, p=NS).

LV mass, as determined with static MRI increased from 71.8 ± 5.2 g
before surgery to 78.1 ±4.5 g 1 week after surgery (p<0.05), an
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Fig 7. Linear regression of LV mass determined by static MRI (7 A) and dynamic
MRI (7B), 3 weeks postsurgery (horizontal axis) and by pathology (vertical
axis). Indicated are regression lines and 95% confidence interval. Dotted
lines are lines of identity.
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LV mass of the individual hearts, determined by static MRI (8A) and by
dynamic MRI (8B) pre-surgery, 1 week and 3 weeks post-surgery.

increase of 10.6% ±8.5% (95% CI 3.5% to 17.7%, p=0.009). Two
weeks later LV mass was 85.4 ± 5.4 g (p<0.05), a further increase of
9.4% ± 3.2% (95% CI 6.7% to 12.1%, p<0.001) (Fig. 8A).
LV mass, as determined with dynamic MRI increased from 72.8 ± 2.6
g before surgery to 81.0 ±3.0 g 1 week after surgery (p<0.05), an
increase of 11.5% ±5.1% (95% CI 6.8% to 16.3%, JKO.001). TWO

weeks later LV mass was 86.6 ± 7.8 (p<0.05), a further increase of
9.1% ± 4.6% (95% CI 4.8% to 13.3%, p=0.002) (Fig. 8B).

REPRODUCIBILITY

The percentual difference between the measurements of one observer
was -0.2% (95% CI -2.1% to 2.6%, p=NS). The percentual difference
between the measurements of two observers was 0.8% (95% CI -3.6%
to 3.8%, p=NS).

DISCUSSION

This study comprehensively examines the enhancement characteris-
tics, LV mass, and LV function as assessed by static and dynamic MRI
in a porcine model in serial fashion over 3 weeks. In addition, it
describes two enhancement patterns within the infarction region after
Gd-DTPA administration. The first, consisting of peripheral
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enhancement of the infarcted region, was only seen 5 minutes after Gd-
DTPA administration 1 week after infarction. The signal intensity of
the core was lower than that of normal myocardium, whereas the IR
(norm/skel muse) at that time was high. This suggests complete
absence of supply of Gd-DTPA to the centre of the infarcted
myocardium and accumulation of Gd-DTPA in the border of the
infarcted myocardium in the first 5 minutes after injection of Gd-
DTPA. The second pattern, consisting of homogeneous enhancement
of the entire infarcted region was observed on delayed imaging at 1
week after infarction, probably by gradual accumulation of Gd-DTPA
to the centre of the infarct zone. The second pattern was also observed
in all images 3 weeks following infarction, suggesting a faster an
increased supply into and slower movement of Gd-DTPA out of the
infarcted myocardium in a later stage of the infarct process. The supply
of Gd-DTPA to infarcted myocardium depends on residual vascular
supply and local myocardial factors such as cellular damage and tissue
edema.The pattern of infarct delineation after Gd-DTPA in the pigs
differs from that observed in dogs. In dogs, infarcted myocardium
showed homogeneous contrast enhancement after Gd-DTPA injection
both on early and late MR images".

! The markedly slow accumulation of Gd-DTPA, 1 week after acute
;• myocardial infarction in the porcine model is most likely due to

minimal residual vascular supply in the infarct zone in the absence of
collateral circulation14. The absence of collaterals in the pig heart and
its presence in the dog heart may explain less edema of the infarcted

11 region in the pig heart than in the canine heart. Checkley et al.15 could
i recognize only one infarction in six mini pigs by T2-weighted MRI, 30

f"i hours after coronary occlusion. At 10 days after AMI all animals
'' demonstrated areas of high signal intensity. Therefore, Tl-weighted
& MRI using Gd-DTPA seems to be preferable to T2-weighted MRI for
\ early characterization of infarcted myocardium in the porcine heart.
I Infarct size and LV function are major determinants of clinical
t outcome and long-term prognosis following acute myocardial

infarction. LV ejection fraction, despite its limitations, may be
considered an index of LV function which is sufficiently reliable and
is obtainable by various methods which makes comparisons possible.
Early interventions in acute myocardial infarction, particularly
thrombolytic therapy, primarily aim at reducing infarct size and at
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preserving ventricular function. Therefore, assessment of infarct size
and LV ejection fraction is meaningful, especially in relation to
efficacy of interventions such as thrombolytic agents1617.
In our study, infarct size as measured with dynamic Gd-DTPA
enhanced MRI was slightly overestimated 1 week after coronary
occlusion. However, infarct size measured at static MRI did not change
during follow-up, which is in agreement with the observations of
Caputo et al.18. They measured infarct size in dogs, based on regional
changes in T2 relaxation times in the myocardium following coronary
artery occlusion, which correlated closely with postmortem estimates
of infarct size both at 3 days and at 21 days after acute myocardial
infarction. In addition, Rokey et al.19 demonstrated that infarct size
measured by T2-weighted MRI compared well with histological
staining of the infarcted region over a wide range of infarct sizes.
On the other hand, Buda et al.20 demonstrated in dogs that T2-weighted
MRI overestimated infarct size and corresponded best to the area
including both infarction and the surrounding ischemic region. This
overestimation was confirmed by Ryan et al.21 who studied canine
hearts 3 hours after reperfusion and observed a mediocre correlation.
This overestimation may occur because T2-weighted MRI may reflect
risk area rather than infarct zone. Bouchard et al.22 experimentally
demonstrated that infarct size could be assessed based on different
T2 relaxation times between infarcted and normal tissue after 1 week
of coronary artery occlusion, although infarct size was still slightly
overestimated. Furthermore, Wisenberg et al.21 showed in dogs that the
evaluation of T2 is not suitable for early assessment of infarct size but
delineates the extent of an infarction by day 21. In an experimental
canine study by Nishimura et al.2"1 infarct size measured with Gd-DTPA
enhanced MRI was compared with '"indium-labeled antimyosin
imaging. After Gd-DTPA administration significant contrast
enhancement of the infarcted area was observed because of greater
Tl shortening. The extent of contrast enhancement by Gd-DTPA
delineated infarct size almost precisely. Goldman et al.25 performed
MRI with manganous chloride in six canine hearts excised 24 hours
after circumflex coronary artery ligation. They found that the area of
infarcted myocardium on the MR images corresponded well with the
anatomic infarct size determined at histological staining.
With the same MR examination, LV ejection fraction could be
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computed. LV ejection fraction was estimated from phase 1 and from
phase 5 of the dynamic spin-echo images, according to the method
validated by Gaudio et al.26. They determined LV ejection fraction in
32 patients with idiopathic dilated cardiomyopathy and found a close
correlation between MRI and radionuclide ventriculography (r=0.91).
Mean difference between radionuclide data and MRI data was 1.7
(95% CI 0.7 to 2.7). MRI only slightly underestimated LV ejection
fraction. Therefore, Gd-DTPA enhanced MRI seems to be suitable to
obtain infarct size data as well as information on LV function after
myocardial infarction. In our study we did not validate the MRI
obtained ejection fraction values, but the determinations seemed to be
accurate and intra- and interobserver variations were low.
Furthermore, the infarctions were too small to test ejection fraction
values over a wide range.
With use of static and dynamic spin-echo MRI we also determined
LV mass. Like other investigators27~i2 we found a close correlation
between MRI-LV mass and LV mass as was determined with weighing
ex vivo. The increase in LV mass during follow up can be explained by
growth of the heart, or by compensatory hypertrophy after myocardial
infarction. The ability to accurately determine LV mass has practical
importance not only in following the course of diseases such as LV
hypertrophy occurring with systemic hypertension or aortic stenosis
and compensatory hypertrophy in hearts with large infarctions
(remodelling), but also in monitoring the results of therapies designed
to alter the disease process.
Limitations: it would have been interesting to measure the degree of
collateral blood flow by radio-labeled microspheres to obtain more
insight in the mechanisms of the difference in infarct pattern 1 and 2.
Only small myocardial infarctions in our pigs could be studied, since
larger infarctions will lead to increased mortality14. The existence of a
2.1 mm gap between slices will decrease the accuracy to size small
infarcts by MRI.
It would have been of value to determine not only the infarct size but
also the area at risk using a dual-staining technique employing blue dye
perfused into the nonischemic zone and NBT infusea into the ischemic
region. This would allow morphometric assessment of the infarcted as
well as the ischemic region. Studies in other species are necessary to
obtain quantitative information of more extensive myocardial

121

•OTi^Ht



infarctions.
Myocardial border definition will be improved by avoiding the use of
subjective time consuming judgments about the edge of the LV and by
employing a computer assisted quantitative identification of the
LV myocardium.
The endsystolic phase probably does not correspond precisely to real
end-systole, as the number of images per cardiac cycle with spin-echo
MRI is limited to keep scanning time reasonably short. Furthermore,
the image obtained at phase 5 is either just before, or just after end-
systole. Gradient-echo MRI techniques are probably more suitable for
dynamic volumetric measurements of the heart.
We did not measure LV ejection fraction with other methods, such as
radionuclide ventriculography or cineangiography, for comparison
with MRI.
Furthermore, we only measured live weight prior to the first
MR examination and not prior to the other MR examinations, so we
could not express the hemodynamic measurements and LV mass per m2

body surface area, or per kilogram body weight.
In conclusion the results of our study demonstrate that Gd-DTPA
enhanced Tl-weighted MRI clearly identifies infarcted myocardium
early and late after coronary occlusion in the pig. Infarct size,
LV ejection fraction and LV mass can be determined with the same
imaging procedure.
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ABSTRACT

The value of Gd-DTP A enhanced MRI to identify normal, ischemic and reperfused
myocardium was assessed in 21 isolated isovolumically contracting rat hearts.
Ischemia was induced by reduction of the perfusion pressure from 80 to 30 mmHg for
60 or 120 minutes followed by reperfusion forO, 20 or 60 minutes. Six of the 21 hearts
without ischemia served as controls. Evans Blue and Gd-DTPA were infused during
the last 5 minutes of each experiment. Evans Blue distribution in histologic cross
sections was compared with myocardial contrast enhancement on Gd-DTPA enhanced
Tl-weighted spin-echo MR images. Homogeneous signal enhancement was seen in
control hearts. After induction of ischemia unperfused subendocardial areas were
detected on both the MR images and Evans Blue stained slices. After reperfusion, the
unperfused areas dissolved on both MR images and Evans Blue stained slices
depending on duration and severity of ischemia.
This study emphasizes the potential of Gd-DTP A enhanced MRI to identify myocardial
ischemia and reperfusion by enhancing the contrast between normally perfused and
ischemic myocardium in an isolated rat heart model.

INTRODUCTION

Noninvasive in vivo visualization of acutely ischemic or infarcted
myocardium is of great importance in the evaluation and management
of patients with coronary artery disease. Radionuclide techniques such
as perfusion scintigraphy with -""thallium1 and Wmtechnetium MIBI-
isonitriles2, infarct-avid scintigraphy with gi)mtechnetium
pyrophosphate and'' 'indium labeled antimyosin3, or positron emission
tomography with s2rubidium and "nitrogen-ammonium4 may be used
for evaluation of myocardial perfusion. The radionuclide images,
however, have a relatively low spatial resolution which hampers
quantification of the precise volume of ischemic and/or infarcted
myocardium. In addition, most institutions use planar imaging
techniques because tomographic radionuclide imaging is not generally
applied on a routine basis.
MRI is a newly developed, noninvasive imaging technique that lacks
radiation burden and offers a high spatial resolution. Unlike
radiographic images, which are spatially distorted because of the
nonparallel beam of radiation, MR images have been shown to be
dimensionally accurate5. MRI therefore offers the advantage of
providing three-dimensional tomographic information of the

126

f



myocardium. MRI encompasses the entire heart and is unencumbered
by the geometric assumptions made by contrast angiography6.
Furthermore, MRI offers a unique potential to differentiate between
normal and infarcted myocardium by its property of tissue
characterization. Acutely infarcted regions show prolongation of the
T2 relaxation time7, and the infarcted regions are visible on T2-
weighted spin-echo MR images as areas with increased signal intensity1*.
Detection of acute myocardial infarction appears to be improved with
the use of the paramagnetic contrast agent gadolinium
diethylenetriamine penta-acetic acid (Gd-DTPA) and Tl-weighted
spin-echo MRI9"12. Brief periods of ischemia only result in small
changes in Tl and T2 relaxation times and ischemic myocardium
cannot accurately be visualized by unenhanced MRI. To detect
reductions in myocardial blood flow, it may be necessary to use
paramagnetic contrast agents to alter myocardial relaxation times.
The purpose of this experimental study was to investigate the usefulness
of Gd-DTPA enhanced MRI in discriminating ischemic and reperfused
myocardium from normally perfused myocardium after flow reduction
with and without reperfusion in isolated isovolumically contracting rat
hearts.

EXPERIMENTAL MODEL

Within 1 hour after subcutaneous heparinization (Thromboliquine".
4 U/g body weight), 21 hearts of 13- to 15-week old Wistar rats with
a body weight of 300 ± 50 g were excised quickly, transferred to
ice-cold perfusion buffer and, after cessation of beating, tied to the
aorta cannula. The perfusion buffer contained the following (all ,
concentrations are in millimolars): NaCl 128.2, MgCl, 2.1, KC1 4.7.
CaCl2 1.3, NaHCO, 20.2, NaH7PO4 0.7, and sodium pyruvate 11. j
The buffer was gassed continuously with 95% O, + 5% CO,. Buffer pH ''
was 7.35 ±0.05 and temperature was maintained at 36 ± 1 C. By means :•
of a pump (Watson-Marlow 101 U) the buffer was fed to a cannula to j
which the aorta of the isolated heart was tied. Perfusion pressure was
measured (Gould-Statham P50) just proximally to the cannula. The
pressure signal was electrically connected to the perfusion pump by
negative feedback to maintain a constant perfusion pressure.
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Throughout the experiment the heart rate was kept constant at 300 beats
per minute via a bipolar pacing electrode on the outflow tract of the
right ventricle with a stimulus strength of twice the threshold (Vitatron).
To check cardiac frequency left ventricular pressure was recorded with
a water-filled latex balloon in the left ventricular cavity connected with
a second pressure transducer (Gould-Statham P50). After 15 minutes
(pre-ischemic perfusion period) the test period was started, establishing
ischemia with or without reperfusion in 15 hearts. Six hearts without
ischemia served as controls. Coronary flow was measured by collecting
the venous effluent. At the end of each test period the dye Evans Blue,
the paramagnetic contrast agent Gd-DTPA, or both were administered
by means of an infusion pump (Braun) without changing perfusion
pressure. At the end of the experiment the 18 hearts with Gd-DTPA
infusion were removed from the cannula. Of these 18, 11 hearts were
directly scanned by MRI after which they were frozen for histologic
examination. The seven other hearts could not immediately be scanned.
Therefore, they were frozen and thawed just before MRI was performed.
After MRI all hearts were frozen for histologic examination.

EXPERIMENTAL PROTOCOL

After the pre-ischemic period at a perfusion pressure of 80 mmHg,
global myocardial ischemia was induced by lowering the perfusion
pressure to 30 mmHg for either 60 or 120 minutes. The fall in perfusion
pressure resulted in a reduction of coronary flow to 24.6% ± 9.8% of
the pre-ischemic value measured after 2 hours of ischemia, with a range
of 12% to 54%. Reperfusion was achieved by restoring the perfusion
pressure to 80 mmHg for 20 or 60 minutes. Six hearts that underwent
15 minutes of normal perfusion without ischemia served as controls.
The Table gives an overview of the performed experiments. During the
last 5 minutes of each test-period, Gd-DTPA (1.9 g/1, equivalent to '
0.1 mmol/kg body weight), Evans Blue (1.0 g/1), or Gd-DTPA (1.9 g/
1) together with Evans Blue (1.0 g/1) were infused without changing the |
perfusion pressure. In the control studies without ischemia, Gd-DTPA
was washed out, after the 5-minute infusion period, for 0,1,3,6 and 9
minutes.
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Experimental protocol for induction of ischemia, reperfusion, or both.

Experimem

No ischemia (controls)
Ischemia 60'
Ischemia 60', reperfusion 20'
Ischemia 60', reperfusion 60'
Ischemia 120'
Ischemia 120', reperfusion 20'
Ischemia 120', reperfusion 60'

Number
of hearts
(n=21)

6
2
3
2
5
2
1

Gd-DTPA

6
1
1
2
5
2
1

Evans Blue

2
1
2
0
2
0
1

MR1 prior
to freezing

6
0
0
1
2
1
1

MAGNETIC RESONANCE IMAGING

MRI was performed in a vertical bore animal system (Bruker) of 4.7 T.
The isolated hearts were placed in a probe in the magnet. Eight
consecutive short axis spin-echo images were obtained with an echo
time of 35 ms and a relaxation time of 1000 ms, resulting in Tl-
weighted images. Two measurements were averaged. Field of view
was 70 mm. The acquisition matrix was 256x256 and the images were
displayed with a 256x256 matrix (spatial resolution 0.27 mm). As a
reference, two test tubes with Gd-DTPA (0.5 g/l and 1.0 g/l, respectively)
were imaged simultaneously. Midventricular images were printed on
a video printer (Mitsubishi) or stored on floppy disk.

I HISTOLOGIC EXAMINATION
% l

W. Hearts perfused with Evans Blue were cut in two sections perpendicular ^
I to the long axis. The sections were mounted on cork, frozen onto a cold %

(-19°C) metal support and covered with OCT compound (Tissue-Tek; •]•
Miles Labs). Support and tissue were frozen at -19 °C, and subsequently p
10 to 12 thin slices (25 urn) were cut in a cryostat microtome. Slices \
were dried on glass slides, mounted with Aquamount (Gurr, British
Drug House) and digitized using a microscope. ;>
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IMAGE ANALYSIS

A. MR images

The MR images were evaluated both qualitatively and quantitatively.
The printed images were digitized using a video frame buffer and
analyzed with standard software equipment (Kontron Bildanalyse).
The display matrix was 1024x1024.
Perfusion was considered to be present in cases of high signal intensity
on MR images, positive staining for Evans Blue in corresponding
areas, or both. Perfusion was considered to be absent in cases of low
signal intensity on MR images, negative staining for Evans Blue in
corresponding areas, or both.
In each slice the endocardial and epicardial borders were manually
traced. Total myocardial area was calculated by subtracting the area
surrounded by the epicardial contour from the area surrounded by the
endocardial contour. Unperfused areas on Gd-DTPA enhanced MR
images were manually traced and were expressed as percentage of total
myocardial area. Unperfused areas of four consecutive mid-ventricular
slices were summed and averaged.
The original signal intensities of the images were scaled to 256 grey
values. To compare the signal intensities of MR images with each
other, the signal intensities of the test tubes in each image were
measured and expressed in arbitrary units (standardized signal intensity).
The signal intensity of the darkest tube was assigned 1000 units; the
signal intensity of the brightest tube, 1250 units. Signal intensities of
the myocardial areas were measured and expressed as standardized
signal intensities.

I B. Evans Blue images
i

I The Evans Blue slices were viewed using a microscope, digitized using
| a video frame buffer, and analyzed with standard software equipment

(Kontron Bildanalyse). In analogy to the MR images the endocardial
and epicardial borders were manually traced in each slice, and total
myocardial area was calculated by subtracting the area surrounded by
the epicardial contour from the area surrounded by the endocardial
contour. Unperfused areas on Evans Blue images, i.e. areas excluding
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Evans Blue, were also manually traced and expressed as percentage of
total myocardial area. Unperfused areas of four consecutive
midventricular slices were summed and averaged. In a previous study ' \
we calculated an average variation within the heart of 14% (range 5% -
21%) when estimating the fraction of unperfused tissue per slice in

several slices of the same heart.
Endocardial areas of hearts which underwent reperfusion after ischemia
showed an inhomogeneously spotted wash in of Evans Blue. Areas
showing this aspect were considered to be reperfused.

RESULTS

A. MR IMAGES

The six control hearts without ischemia showed a homogeneously
distributed pattern of signal intensity. In four hearts, Gd-DTPA
containing buffer was replaced by Gd-DTPA-free buffer for 1,3,6 and
9 minutes. Two hearts were removed from the cannula without
Gd-DTPA washout. After 0, 1, 3, 6 and 9 minutes of Gd-DTPA
washout no abnormally enhanced myocardial areas were seen. The
longer the time of Gd-DTPA washout from the control hearts, the less
bright was the appearance. The standardized signal intensities (in
arbitrary units) rapidly declined from 1183 and 1104 without
Gd-DTPA wash-out to 721 after 1 minute of Gd-DTPA wash out, and
then gradually declined to 557 after 9 minutes of Gd-DTPA wash out,
indicating that Gd-DTPA mainly washes out during the first minute of
perfusion with Gd-DTPA-free perfusion buffer. Fig. 1 shows an
intensity plot of standardized signal intensities of the control hearts.

[ No unperfused areas were observed on MR images of the heart that had
: undergone 60 minutes of ischemia without reperfusion. This heart had
1 an unexpectedly high end-ischemic coronary flow of 54% of the pre-
ij ischemic value, which is too high to produce unperfused areas14.
| Another heart was subjected to 60 minutes of ischemia (end-ischemic
I coronary flow, 24% of the pre-ischemic value) and 20 minutes of
I reperfusion. A subepicardial area with high signal intensity and a
I subendocardial area with low signal intensity were observed. The size
t of unperfused area equalled 65.3% ± 8.2% of total myocardium. Two
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Fig. I
Time-dependence of standardized signal
intensities (SSI) in five control hearts
without ischemia after Gd-DTPA
containing buffer is replaced by Gd-DTPA
free buffer.

hearts subjected to 60 minutes of ischemia (end-ischemic coronary
flow, 45% and 37% of the pre-ischemic value, respectively) and
60 minutes of reperfusion showed myocardial areas with
inhomogeneously distributed signal intensity. Unperfused areas were
not detected in these hearts.
Five hearts underwent ischemia for 120 minutes without reperfusion.
The end-ischemic coronary flow rated 12%, 19%, 20%, 21 % and 25%
of the pre-ischemic value, resulting in a subepicardial area with high
signal intensity and a subendocardial area with low signal intensity
(Fig. 2). The size of the unperfused area equalled 58.2% + 2.4%,
53.4% ±5.0%, 52.9% ± 2.6%, 54.0% ± 3.1% and 39.3% ± 1.1%,
respectively. Two hearts underwent ischemia for 120 minutes
(end-ischemic coronary flow was 35% and 45% of the pre-ischemic
value, respectively) and reperfusion for 20 minutes. One of these hearts

Fig. 2
MR image of a mid-ventricular si ice of
a heart with 120 minutes of ischemia
(no reperfusion; end-ischemic coronary
flow. 19% of the pre-ischemic value).
After 5 minutes of Gd-DTPA wash-in,
a sharply delineated transition zone
between areas with high and low signal
intensity is visible. The intensity scan
is recorded along a line drawn across
theimage(LV = leftventricularcavity).
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was frozen and thawed before MRI, and areas with low signal intensity
could not be discriminated from areas with high signal intensity,
whereas the freshly scanned heart (end-ischemic coronary flow, 45%
of the pre-ischemic value) had an unperfused area of 31.0% + 5.9%.
After ischemia for 120 minutes (end-ischemic coronary flow, 26% of
the pre-ischemic value) and reperfusion for 60 minutes, an
inhomogeneously spotted distribution of Gd-DTPA in the whole
myocardium was observed, illustrating reperfusion of previously
ischemic areas (Fig. 3).

Fig. 3
MR image of a mid-ventricular slice of
a heart which underwent 120 minutes
of ischemia (end-ischemic coronary
flow. 26% of the pre-ischemic value)
and reperfusion for 60 minutes. After 5
minutes of Gd-DTPA wash-in, no
sharply delineated areas with low signal
intensity could be observed, illustrating
complete reperfusion of previously
ischemic areas.

Freezing and thawing of the hearts following the experiment changed
the appearance of the transition zone between areas with low signal
intensity (unperfused areas) and areas with high signal intensity on MR
images. Before freezing, the border between perfused and unperfused
areas was sharply delineated. After freezing and subsequent thawing,
however, a more gradual transition zone was noted, which made it
difficult to distinguish the two areas. Corresponding Evans Blue
images showed an abrupt transition zone. This phenomenon was
observed in all hearts which were frozen and thawed before MRI.
Furthermore, the difference of the standardized signal intensities
between perfused and unperfused areas was more pronounced on the
MR images before freezing of the hearts compared to the MR images
after freezing and subsequent thawing of the hearts (Fig. 4). Fig. 5
shows the standardized signal intensities of endocardial and epicardial
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Fig. 4
MR image of a mid-ventricular slice of
a heart with the same type of experiment
as in Fig. 2 (120 minutes of ischemia,
end-ischemic coronary flow, 25% of
the pre-ischemic value and no
reperfusion). The heart was frozen and
subsequently thawed before MRI.
There is no sharply delineated transition
zone between normal and perfused
myocardium. The intensity scan is
recorded along a line drawn across the
image (LV = left ventricular cavity).

Fig. 5
Standardized signal intensities (SSI)
of endocardial and epicardial areas of
the hearts represented in Figs. 2 and 4.

1170
1160
1150
1140
1130
1120
1110'
1100'

0^

• Epicardium
0 Endocardium

Fresh Frozen and
thawed

areas of the hearts represented in Figs. 2 and 4.

B. EVANS BLUE STAINING

The two control hearts without ischemia, perfused with Evans Blue,
were homogeneously stained with Evans Blue. Myocardial areas
without Evans Blue staining were absent.
In analogy to the Gd-DTPA images of the heart with 60 minutes of
ischemia without reperfusion (end-ischemic coronary flow, 54% of the
pre-ischemic value) the myocardium was stained homogeneously with
Evans Blue. Two hearts underwent ischemia for 60 minutes (end-
ischemic coronary flow, 24% and 40% of the pre-ischemic value,
respectively) and 20 minutes of reperfusion and showed a
subendocardial area without Evans Blue staining. The size of the
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Fig. 6
Evans Blue image of a mid-veruricular
slice of a heart with 120 minutes of
ischemia (no reperfusion; end-ischemic
coronary flow, 21 % of the pre-ischemic
value). A large area extending from
subendocardial to mesocardial layers
is free of Evans Blue stain (LV = left
ventricular cavity).

unperfused areas equalled 20.1% ± 7.2% and 21.7% ± 9.0%,
respectively. Experiments with Evans Blue staining in hearts subjected
to 60 minutes of ischemia followed by 60 minutes of reperfusion were
not performed.
Two hearts underwent ischemic perfusion for 120 minutes without
reperfusion (end-ischemic coronary flow, 20% and 21% of the pre-
ischemic value, respectively). This experiment resulted in clearly
visible subendocardial areas without Evans Blue staining (Fig. 6). The
relative size of the unperfused area was 52.3% ± 4.7% and
48.6% ± 2.3%, respectively. An ischemic period of 120 minutes

Fig. 7
Evans Blue image of a mid-ventricular
slice of a heart with 120 minutes of
ischemia (end-iscliemic coronary flow.
26% of pre-ischemic value) and
reperfusion for 60 minutes. Note the
transmural but inhomogeneous
"spotted" staining of the myocardial
wall (confer Fig. 3).
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(end-ischemic coronary flow, 26% of the pre-ischemic value) followed
by a reperfusion period of 60 minutes resulted in an inhomogeneously
spotted distribution of Evans Blue of the whole myocardium (Fig. 7).
The corresponding MR image is shown in Fig. 3.

C. AGREEMENT BETWEEN Gd-DTPA AND EVANS BLUE
IMAGES

The relative sizes of the unperfused area on MR images and Evans Blue
images were compared for hearts that were infused with both Gd-
DTPA and Evans Blue.
The localization of the areas with low signal intensity on the Gd-DTPA
enhanced MR images corresponded well with the localization of the
unperfused areas on the Evans Blue images. On MR images and on
histologic slides, unperfused areas appeared circularly around the left
ventricular cavity, originating in the subendocardium.
Unperfused areas were absent on both the Gd-DTPA enhanced MR
images and Evans Blue images in hearts without ischemia. Two hearts
underwent ischemia for 120 minutes without reperfusion and received
Gd-DTPA and Evans Blue. The size of the relative unperfused area in
one heart on MR images was 54.0% ± 3 . 1 % and with Evans Blue
48.6% ± 2.3%. The other heart showed a relative unperfused area of

.= s loot
•s k
a a „11
II
§ 2
*•- **
o ©

8A

Fig. 8

60

40

20

0 J -

EVANS BLUE
STAINING

I 20 40 60 80
End-ischemic CFR

(% of pre-ischemic value) 8B

Gd-DTPA
IMAGING

20 40 60 80
End-ischemic CFR

(% of pre-ischemic value)

100

The relationship between end-ischemic coronary flow rate (CFR) (% of
pre-ischemic value) and area of unperfused myocardium (% of total
myocardial area), using Evans Blue (8A) and Gd-DTPA (8B).
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52.9% + 2.6% with Gd-DTPA and 52.3% ± 4.7% with Evans Blue.
The difference between the sizes of unperfused myocardium measured
with Gd-DTPA and Evans Blue was not significant (paired t-test). The
relationship between end-ischemic coronary flow rate and area of
unperfused myocardium using Evans Blue staining and Gd-DTPA
imaging is depicted in Fig. 8. Using the exponential fit described by
Mohanlal et al.14, both relationships are identical in qualitative terms.
In the hearts (perfused with both Gd-DTPA and Evans Blue) which
underwent ischemia for 120 minutes and reperfusion for 60 minutes,
unperfused areas were absent on both Gd-DTPA enhanced MR images
and the Evans Blue images.

DISCUSSION

This experimental study shows the potential of Gd-DTPA enhanced
Tl -weighted MRI to assess the presence and absence of myocardial
perfusion after vary ing periods of ischemia with and without reperfusion
in isolated, perfused rat hearts.
Gd-DTPA is a paramagnetic contrast agent that possesses seven
unpaired electrons generating a local magnetic field and shortening the
magnetic relaxation time of surrounding hydrogen nuclei. This proton
relaxation effect is dependent on Gd-DTPA concentration and results
in increased MR signal intensity by decreasing the tissue Tl relaxation
time. Thus, if Gd-DTPA is distributed in blood within an organ with
regional differences in blood flow, differences in MR signal intensity
will result from differences in the Tl relaxation times between normal
and ischemic tissue.
The degree of myocardial signal enhancement is affected not only by
the flow rate of myocardial perfusion but also by the rate of elimination
of Gd-DTPA from the organ, the degree of diffusion of Gd-DTPA into
the interstitial space, and the volume of the interstitial space15.
Although previous studies have demonstrated that contrast enhanced
MRI is useful to identify differences between ischemic and
nonischemic myocardium qualitatively, less emphasis has been placed
on assessing the severity of ischemia quantitatively. Experimental
studies from Ratner et al.l6 and Johnston et al.17 have demonstrated the
feasibility of quantifying myocardial perfusion ex vivo with MRI
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without contrast agents. However, changes in the Tl and T2 relaxation
times during ischemia are relatively small and any error in the
measurement of these values in vivo will result in error in the estimation
of tissue perfusion. In an in vivo canine study with Gd-DTPA enhanced
MRI, Johnston et al.lx found a significant relationship between 1/T1
and regional myocardial flow if resting blood flow was less than or
equal to 0.5 ml/min/g tissue. No significant relationship was observed
between tissue perfusion and 1/T1 if the myocardial flow was greater
than 1 ml/min/g tissue. In a study by Miller et al.''\ changes in
myocardial flow following dipyridamole infusion correlated with
changes in MR signal intensity using MRI with continuous infusion of
Gd-DTPA. These authors demonstrated a highly significant correlation
between the increase in MR signal intensity and the increase in
myocardial blood flow determined with radioactive microspheres.
In our study, ischemia of isolated perfused rat hearts resulted in higher
signal intensity on Gd-DTPA enhanced MR images of the subepicardial
layers than of the subendocardial layers. The longer the ischemic
period, the smaller the subepicardial region with high signal intensity.
Reperfusion following ischemia resulted in an increase of myocardial
areas with high signal intensity. The size of these high signal intensity
areas depended on the duration of ischemia and reperfusion. After 60
or 120 minutes of ischemia followed by 60 minutes of reperfusion no
unperfused areas could be observed anymore, indicating complete
reperfusion of the myocardium. The areas with high signal intensity on
Gd-DTPA enhanced MR images corresponded accurately with
myocardial areas stained with Evans Blue, irrespective the duration of
ischemia and reperfusion.
The size of unperfused areas depends not only on the duration of
ischemia and reperfusion, but also on the severity of ischemia. Using
Evans Blue, we have previously shown that only an end-ischemic
coronary flow of less than 50% of the pre-ischemic value was
associated with unperfused subendocardial areas13 !4. This finding
explains the absence of any unperfused areas on Gd-DTPA enhanced
MR images and Evans Blue images in the hearts subjected to ischemia
with an end-ischemic coronary flow of more than 50% of the pre-
ischemic value.
Our study also demonstrates the importance of obtaining Gd-DTPA
enhanced MR images of fresh, nonfrozen hearts. Before the heart was
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frozen, the perfused and unperfused areas could easily be distinguished
on Tl-weighted Gd-DTPA enhanced MR images. On MR images of
frozen and thawed hearts, however, the perfused and unperfused areas
could hardly be discriminated anymore. The reason for this phenomenon
is not exactly known. Through personal communication with the
manufacturer of the employed Gd-DTPA solution (Schering AG,
Berlin), we learned that freezing has no effect on the stability of the Gd-
DTPA complex. Other possibilities are the freezing-induced destruction
of the tissue structure, redistribution of tissue water, Gd-DTPA, or
both during thawing, and alterations in the Tl and T2 relaxation times
of the myocardial tissue itself.
In the control hearts without ischemia Gd-DTPA was washed out
mainly during the first minute of perfusion with Gd-DTPA-free
perfusion buffer. Longer wash-out periods only resulted in a small
reduction of signal intensity. This result indicates that Gd-DTPA
rapidly diffuses between the intravascular and interstitial spaces and is
rapidly cleared from normally perfused hearts. These observations are
in concordance with those of Wesbey et al.2" who administered
Gd—DTPA to dogs 20 minutes after coronary artery ligation.
Nonischemic zones from hearts in dogs injected with Gd-DTPA
showed significantly shorter relaxation times than infarcted zones
excised 90 seconds after the administration of Gd-DTPA. In contrast,
5 minutes after injection, infarcted myocardium studied ex vivo
showed shortened relaxation times whereas those of noninfarcted
myocardium returned to normal values.
One limitation of our study was that MR studies of rat hearts without
Gd-DTPA were not performed. More experiments with a large range of
end-ischemic coronary flows are needed to establish the exact time
course of development of unperfused myocardial areas during
ischemia, and their disappearance during reperfusion. Furthermore, Tl
and T2 relaxation times were not calculated. We therefore could not
assess the influence of myocardial flow reduction with and without
reperfusion on relaxation times in isolated hearts perfused with
Gd-DTPA.
In conclusion, the potential of Gd-DTPA enhar.ced Tl -weighted MRI
was demonstrated in assessing myocardial perfusion during varying
periods of ischemia and reperfusion in an isolated rat heart model. The
ability to differentiate viable from nonviable myocardium, and the
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benefits of MRI contrast agents in helping to distinguish the optimal
conditions will require further animal studies. These studies will
contribute to the assessment of the clinical use of Gd-DTPA enhanced
MRI in patients with coronary artery disease.
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CHAPTER 10

PROSPECTS OF THE ROLE OF MRI
IN CORONARY ARTERY DISEASE

,1
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This thesis describes the value of the paramagnetic contrast agent
Gd-DTPA to identify and quantify acutely infarcted myocardium on
Tl -weighted MR images in an experimental and clinical setting. MRI
using Gd-DTVA significantly improved the visualization and
detection of infarcted myocardial areas in patients with acute
myocardial infarction. Optimal contrast enhancement on MR images
was obtained 20 minutes after administration of Gd-DTPA (chapter 5).
Gadolinium enhancement improved visualization of myocardial
infarction with MRI up to 6 weeks after onset of symptoms, and had a
maximal effect within 1 week after acute myocardial infarction
(chapter 7). However, contrast enhancement after Gd-DTPA was
higher when patients underwent MRI later than 72 hours after acute
onset of symptoms (chapter 6). Therefore the optimal period to image
the patient with MRI for the visualization of acutely infarcted
myocardium appears to be between 3 and 7 days after infarction.
Gd-DTPA enhanced MRI also identified infarcted myocardium in an
in vivo porcine model (chapter 8). Infarct mass determined by MRI was
not significantly different compared with pathology 3 weeks after
coronary artery occlusion. In addition, changes in LV ejection fraction
and mass were also measured with the same imaging procedure.
On the basis of our clinical and porcine studies, we conclude that
noninvasive infarct size measurements with Gd-DTPA enhanced MRI
in patients with acute myocardial infarction has the potential of giving
us easily obtainable information on the severity and extent of
myocardial necrosis. A preliminary study on this issue from our
institution was published by De Roos et al.1, who measured myocardial
infarct size with Gd-DTPA enhanced MRI after reperfusion therapy.
Infarct sizes measured with MRI were significantly smaller in patients
with reperfusion than without reperfusion. In the future, long-term
follow-up of patients in whom MRI is performed will enable us to
assess more accurately the clinical value of these determinations.

In another experimental study (chapter 9), the potential of Gd-DTPA
enhanced Tl-weighted MRI was shown in order to assess the presence
and absence of myocardial perfusion after varying periods of ischemia
with and without reperfusion by enhancing the contrast between
normally perfused and ischemic myocardium in an isolated rat heart
model. The results of these rat studies indicate that, if noninvasive
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ultrafast MRI techniques in combination with Gd-DTPA are used,
more information can be obtained from perfusion of the myocardium2.
Van Rugge et al.3 demonstrated the potential of ultrafast subsecond
imaging in showing dynamic first-pass in the cardiac chambers and
signal enhancement in the myocardium after bolus injection of
Gd-DTPA in normal subjects. Manning et al.4 performed first-pass
cardiac MR studies using Gd-DTPA in patients with coronary artery
disease. In areas of myocardium perfused by diseased vessels, the peak
signal intensity and the rate of signal increase were both lower than
areas perfused by normal vessels. In another study by Galjee et al.5,
regions at risk for ischemia showed MRI perfusion defects during
continuous infusion of Gd-DTPA after dipyridamole infusion. These
results demonstrate the clinical potential of dynamic Gd-DTPA
enhanced MRI in the evaluation of coronary disease in patients.

The degree of contractile dysfunction and the extent of myocardial
necrosis has been found to be a limiting factor for the patient's
prognosis. Cine MRI has been introduced a few years ago, featuring
improved temporal resolution and depiction of intracardiac flow6. This
rapid pulse sequence permits the acquisition of more images per
cardiac cycle than previously possible with spin-echo imaging. The
strength of MRI is the assessment of myocardial wall thickening which
is difficult to perform by other techniques. MRI appears of great use in
the differentiation between myocardial scar, ischemic but viable, and
normal myocardium. Combined with assessment of perfusion using
MR contrast agents, analysis of wall thickening dynamics may provide
information about myocardial ischemia which complements classic
nuclear medicine techniques.

The detection of myocardial ischemia nearly always involves some
form of stress in conjunction with an indicator of coronary perfusion,
as distinct from coronary artery anatomy. Alternative forms of stress
(such as isometric exercise, atrial pacing and drugs) avoid most of the
problems encountered with exercise electrocardiography:
psychological or noncardiac physical factors which interfere with a
patient's capability for exercise, the difficult interpretation of the
electrocardiogram, especially in women, and the presence of structural
myocardial abnormalities. Dipyridamole and dobutamine infusions
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have been proposed as alternative tests to produce cardiovascular stress
in patients with known or suspected coronary artery disease.
Development of an abnormality in regional function frequently
precedes development of significant ST segment depression or angina
during stress-induced ischemia. Clinical studies have shown that cine
MRI may be used to detect regional wall motion abnormalities
produced by dipyridamole or dobutamine infusion7 8.

The visualization of the coronary arteries by MRI is definitely the
ultimate challenge for MRI, but in its current form MRI is an
ECG-triggered technique and can just barely yield the spatial
resolution required for imaging the coronary arteries. The coronary
arteries can be identified in their proximal parts when imaging is done
using sections perpendicular to the aortic root9. More distally located
portions are detected inconsistently and should not be confused with
cardiac veins. With cine MRI the coronary arteries can be visualized as
well, because there is a positive, rather than a negative vascular
contrast as found in spin-echo images10. Imaging of coronary artery
bypass grafts has not been performed extensively. Blood flow,
measured with MRI using phase velocity mapping, has been applied to
coronary bypass grafts, although with limited results to date, because
of limitations of the accuracy of the techniques in very small vessels".
With regard to coronary artery (bypass graft) imaging, to date cine MRI
and MR angiography do not challenge the primary role of conventional
coronary angiography. Conventional angiograms have superior spatial
resolution and are less sensitive to degradation by flow disturbances.

Biochemical information can be provided in a unique, noninvasive way
by NMR spectroscopy. The consequences of global or regional
ischemia for myocardial energy metabolism have been extensively
studied with 3IP NMR. The observed changes include a rapid decline
of phosphocreatine (PCr) levels followed by a slower decrease of
ATP levels, a concomitant increase of inorganic phosphate (P.) and a
decrease of intracellular pH. By measuring these parameters numerous,
mostly pharmacologic, pre-ischemic interventions have been
evaluated for their protective merits. Recently, a study has addressed
myocardial ischemia in the human heart. Bottomley et al.12 studied
patients 5 to 9 days after the onset of symptoms of myocardial



infarction, some before and some after angioplasty. In all cases a clear
decrease in PCr/P. and increase in P./ATP was observed.

In conclusion, NMR techniques have shown tremendous progress in
recent years in cardiac imaging and in localized examinations of human
heart metabolism. We therefore anticipate that in the near future MRI
and MR spectroscopy will be increasingly used to study myocardial
ischemia and infarction, and to evaluate therapeutic interventions in
man.
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SUMMARY

The value of gadolinium enhancement to enable detection of infarcted
and ischemic myocardium at Tl-weighted MRI in both a clinical and
experimental setting is described in this thesis.

MRI is a tomographic technique with high spatial resolution which
provides good natural contrast between ventricular walls and cavities.
Left ventricular (LV) wall thickness, mass and ejection fraction can be
accurately determined. In addition, MRI enables characterization of
myocaidial tissue with use of Tl - and T2-relaxation times.
Experimental and clinical studies have shown that T2-weighted
spin-echo MRI depict acutely infarcted myocardium as areas of
increased signal intensity, increased flow signal in the ventricular
cavity, and local wall thinning. However, there is a considerable
overlap between characteristics of normal and infarcted myocardium;
this overlap relates particularly to increased myocardial and cavitary
signal. Therefore, exact delineation of acute myocardial infarction
with MRI may be improved by the use of paramagnetic contrast agents,
such as Gd-DTPA.

In chapter 2, several imaging techniques for the visualization of
jeopardized and infarcted myocardium are reviewed, especially after
the application of thrombolytic therapy. The application of myocardial
perfusion agents (2("thallium-chloride andWmtechnetium-Sestamibi) and
infarct-avid imaging agents (Wmtechnetium pyrophosphate and
'"indium-antimyosin) are discussed. Furthermore, the use of positron
emission tomography with tracers that can be incorporated into natural
substrates ("C-palmitate and iKF-deoxyglucose), and the role of
radionuclide angiography are mentioned. A relative newcomer for
visualizing myocardial infarction is computed tomography (CT),
especially the use of ultrafast CT.

Since MRI is a rather new imaging modality, a brief outline of relevant
physical principles is given in chapter 3. Special emphasis is made on
aspects regarding cardiac imaging, such as electrocardiographic gating,
the variable orientation of the heart in the chest, effects of blood
flow in the interpretation of images and the presence of vascular clips,
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sternal wires, prosthetic valves and cardiac pacemakers.
In chapter 4 the usefulness of MRI with and without the use of
paramagnetic contrast agents for the visualization of infarcted
myocardium is discussed. Special emphasis is made on gadolinium
containing paramagnetic contrast agents.

In chapter 5, 20 patients with a first acute myocardial infarction are
described who were investigated with electrocardiographic gated
spin-echo MRI (0.5 T), before and after intravenous administration of
Gd-DTPA, 0.15 mmol/kg body weight. The MRI studies were
performed after a mean of 98 hours after acute myocardial infarction.
After performing the baseline MRI scans, the MRI procedure was
repeated every 10 minutes for up to 40 minutes following injection of
Gd-DTPA. In 18 patients (90%) contrast enhancement in the infarcted
myocardial areas was observed after Gd-DTPA. The precontrast
intensity ratio (infarcted myocardium/normal myocardium) was
1.14 ± 0.15; the postcontrast intensity ratios at 10 minutes were
1.41 ± 0.21 (p<0.05), at 20 minutes 1.61 ±0.19 (p<0.01), at 30
minutes 1.43 ± 0.20(p<0.05), and at 40 minutes 1.33 ± 0.20 (p=NS).
MRI using the contrast agent Gd-DTPA significantly improves the
visualization and detection of infarcted myocardial areas in patients
with acute myocardial infarction, whereby optimal contrast
enhancement is obtained 20minutes after administration of Gd-DTPA.

In chapter 6, the diagnostic value of Gd-DTPA enhanced spin-echo
MRI in patients treated with thrombolytic therapy for acute myocardial
infarction is described in 27 consecutive patients who had a first acute
myocardial infarction and who underwent thrombolytic treatment and
coronary arteriography within 4 hours of the onset of symptoms. MRI
(0.5 T) was performed at a mean of 93 hours after the onset of
symptoms. MR images were made before and 20 minutes after
intravenous injection of Gd-DTPA, 0.15 mmol/kg body weight. In all
patients, signal intensities of the infarcted and normal myocardium
were used to calculate intensity ratios (infarcted myocardium/normal
myocardium). Intensity ratio after Gd-DTPA significantly increased
from 1.15 ± 0.17 to 1.52 ± 0.29 (p<0.001). Intensity ratios were
higher in the 17 patients who underwent MRI earlier, the difference
being significantly greater after administration of Gd-DTPA
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(1.38 ± 0.12 versus 1.61 + 0.34, p<0.05). When patients were
classified according to the site and size of the infarcted areas, or to
reperfusion versus nonreperfusion, the intensity ratios both before and
after Gd-DTPA did not show significant differences. MRI using
Gd-DTPA improves the identification of acutely infarcted areas, but
with current techniques does not identify patients in whom
thrombolytic treatment is successful.

In chapter 7 the value of Gd-DTPA to enable detection of infarcted
myocardium at Tl-weighted MRI is described in 84 patients at several
time points after acute myocardial infarction. Five healthy subjects
served as controls. All patients underwent MRI before and 20 minutes
after administration of Gd DTPA, 0.15 mmol/kg body weight.
Sixty-six patients and the five heaUhy volunteers were studied at 0.5 T,
and 18 patients were studied at 0.61. Contrast enhancement of normal
myocardium varied 7% ± 4% after administration Gd-DTPA. Mean
intensity ratio after Gd-DTPA in group 1 (imaging less than 1 week
after acute myocardial infarction), group 2 (imaging 1 -3 weeks after
acute myocardial infarction), and group 3 (imaging 3-6 weeks after
acute myocardial infarction) was significantly higher than before
Gd-DTPA administration. In group 4 (imaging more than 6 weeks after
acute myocardial infarction), no significant difference was observed.
After Gd-DTPA administration the intensity ratio was significantly
increased in 82% of the examinations in group 1, in 62% of group 2, in
58% of group 3 and in 12% group 4. Gadolinium enhancement
improves visualization of myocardial infarction at MRI up to 6 weeks
after onset of symptoms and has a maximal effect within 1 week after
acute myocardial infarction.

Despite clinical data, indicating that acutely infarcted myocardium can
be visualized with Gd-DTPA enhanced T1 -weighted MRI, it is still not
exactly known whether the areas of abnormal signal observed with
Gd-DTPA enhanced MRI accurately represent the area of infarction.
Therefore, experimental studies in pigs and isolated rat hearts for the
evaluation of Gd-DTPA enhanced MRI to characterize and quantify
normal, ischemic and infarcted myocardium were performed.

In chapter 8 the potential of Gd-DTPA enhanced MRI to obtain
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quantitative information of normal and infarcted myocardium,
LV ejection fraction and LV mass with a single MR examination in
growing young domestic pigs before, 1 week and 3 weeks after
surgically induced myocardial infarction is discussed. Four pigs died
untimely, leaving eight pigs for complete examination. MR images
were made before, 5 minutes and 30 minutes after administration of
Gd-DTPA, 0.15 mmol/kg body weight. One week after infarction,
pattern 1 myocardial infarction (dark centre/white rim) appeared on
MR images of five pigs, and on MR images of three of these five pigs,
3 weeks after infarction both at 5 minutes after Gd-DTPA
administration. Pattern 2 myocardial infarction (enhanced centre/
white rim) was observed on all images, 30 minutes after Gd-DTPA,
both 1 and 3 weeks after infarction. Infarct size, measured at static as
well as dynamic MRI, 3 weeks after infarction, (2.0 ± 1.0 g and
2.2 ± 0.9 g respectively) corresponded well with pathologic
assessment (2.1 ± 1.4 g). LV ejection fraction before surgery was
52.1% ± 7.3% and remained unchanged during follow-up. LV mass,
measured by static and dynamic MRI, increased with 10.6% ± 8.5%
and 11.5% ± 5 . 1 % respectively from pre-surgery to 1 week
post-surgery. LV mass further increased with 9.4% + 3.2% at static
MRI and with 9.1% ± 4.6% at dynamic MRI, indicating increase of
myocardial mass during follow-up. LV mass at pathology was
85.4 ± 7.3 g, not significantly different from MRI at 3 weeks post-
surgery. From these experiments it is concluded that Gd-DTPA
enhanced Tl-weighted MRI identifies infarcted myocardium in an in
vivo porcine model. Even small infarct sizes can be determined as well
as LV ejection fraction. In addition, changes in LV mass can be
followed with this technique, allowing the assessment of compensatory
hypertrophy or ventricular remodelling in infarcted myocardial tissue.

Chapter 9 discusses the value of Gd-DTPA enhanced MRI to identify
normal, ischemic and reperfused myocardium in 21 isolated
isovolumically contracting rat hearts. Ischemia was induced by
reduction of the perfusion pressure from 80 to 30 mmHg for 60 or
120 minutes followed by reperfusion for 0,20 or 60 minutes. Six hearts
without ischemia served as controls. Evans Blue and Gd-DTPA were
infused during the last 5 minutes of each experiment. Evans Blue
distribution in histologic cross sections was compared with myocardial
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contrast enhancement on Gd-DTPA enhanced Tl-weighted spin-echo
MR images. Homogeneous signal enhancement was seen in control
hearts. After varying periods of ischemia unperfused areas were
detected on both the MR images and Evans Blue stained slices. After
varying reperfusion periods unperfused areas had disappeared on both
MR images and Evans Blue stained slices, depending on duration and
severity of ischemia. This study emphasizes the potential of Gd-DTPA
enhanced MRI to identify myocardial ischemia and reperfusion by
enhancing the contrast between normally perfused and ischemic
myocardium in an isolated rat heart model.

Chapter 10 gives a summary of the major findings of the investigations
described in this thesis. Also future developments of the application of
MRI and MR spectroscopy in the investigation of coronary artery
disease is discussed.
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SAMENVATTING

Dit proefschrift beschrijft de waarde van het paramagnetische
contrastmiddel Gd-DTPA ter visualisatie van ischemisch en
necrotisch myocard bij patiënten met een
myocardinfarct, alsmede bij dierexperimenteel onderzoek met
behulp van kernspinresonantietomografie (magnetic resonance imaging
[MRI]).

MRI is een tomografische afbeeldingstechniek met hoge ruimtelijke
resolutie waarmee de anatomie van het hart kan worden weergegeven
zonder gebruikmaking van radioactieve straling. Wanddikte, massa en
ejectiefractie van de linker ventrikel kunnen met grote precisie worden
bepaald. Tevens kunnen contrastverschillen in het myocard bij
pathologische veranderingen worden aangetoond met behulp van de
Tl en T2 relaxatietijden (weefselkarakterisering). Experimentele en
klinische onderzoekingen hebben aangetoond, dat T2-gewogen
spin-echo MRI opnamen myocardgebieden met acuut infarct kunnen
aantonen als gebieden met een verhoogde signaal intensiteit, versterkt
stroom signaal in de linker ventrikel holte ter plaatse van het infarct en
regionale wandverdunning. Er bestaan echter overeenkomsten tussen

1 de karakteristieken van normaal en geïnfarceerd myocard op
T2-gewogen MRI beelden, in het bijzonder de verhoogde myocardiale
signaal intensiteit en het versterkte stroom signaal in de linker ventrikel

[ holte. Mogelijk kunnen verbeterde detectie en afbakening van het
I' infarct op MRI beelden worden verkregen na toediening van
|. paramagnetische contraststoffen, zoals Gd-DTPA.

In hoofdstuk 2 wordt een overzicht gegeven van verschillende
gangbare noninvasieve afbeeldingstechnieken voor de visualisatie en
kwantificatie van bedreigd en geïnfarceerd myocard, vooral in het
kader van behandeling met trombolytische therapie. De toepassing van
perfusiescintigrafie met 2()lthallium chloride of ""'technetium-
Sestamibi en de directe 'aankleuring' van het infarct met
99mtechnetium-pyrofosfaat of "'indium gebonden aan antimyosine
worden besproken. Tevens komt het gebruik van de positron emissie
tomografie met isotopen die in natuurlijk aanwezige substraten kunnen
worden geïncorporeerd, zoals ' 'C-palmitaat en l8F-deoxyglucose en de
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toepassing van de radionuclide angiografie ter sprake. Een relatief
nieuwe onderzoeksmethode is gecomputeriseerde tomografie (CT),
vooral de zeer snelle ('ultrafast') CT.

Aangezien MRI een recent ontwikkelde afbeeldingstechniek is, wordt
in hoofdstuk 3 een kort overzicht gegeven van enkele basisprincipes.
Aandacht wordt geschonken aan specifieke aspecten van cardiale
beeldvorming met MRI, zoals 'triggering' met behulp van het
electrocardiogram, de variabele oriëntatie van het hart in de thorax, de
effecten van de bloedstroom en de aanwezigheid van vaatclips,
sternumhechtingen, mechanische kunstkleppen en pacemakers.

Hoofdstuk 4 bespreekt de toepassing van MRI met en zonder
gebruikmaking van paramagnetische contraststoffen bij de visualisatie
van ischemisch en geïnfarceerd myocard. Speciale aandacht wordt
geschonken aan contrastmiddelen, die gadolinium bevatten.

Hoofdstuk 5 beschrijft 20 patiënten met een eerste myocardinfarct,
waarbij MRI (0,5 T) werd verricht voor en na intraveneuze toediening
van Gd-DTPA, 0,15 mmol/kg lichaamsgewicht. De MRI opnamen
werden gemiddeld 98 uur na begin van de klachten gemaakt. MRI werd
verricht voor en elke 10 minuten tot en met 40 minuten na Gd-DTPA
injectie. Bij 18 patiënten (90%) werd contrastversterking na Gd-DTPA
waargenomen in het geïnfarceerde myocard. De intensiteitsratio
(signaal intensiteit infarct/signaal intensiteit normaal myocard) voor

I Gd-DTPA bedroeg 1,14 ± 0,15; 10 minuten na Gd-DTPA
\ 1,41+0,21 (p<0,05), 20 minuten na Gd-DTPA 1,61 ± 0,19
l (p<0,01), 30 minuten na Gd-DTPA 1,43 ± 0,20 (p<0,05) en 40
I minuten na Gd-DTPA 1,33 ± 0,20 (p=NS). MRI met gebruikmaking
I van Gd-DTPA verbetert derhalve de visualisatie en detectie van
I geïnfarceerd myocard bij patiënten met een acuut myocardinfarct;

optimaal contrast tussen geïnfarceerd en normaal myocard wordt
20 minuten na toediening van Gd-DTPA bereikt.

In hoofdstuk 6 wordt de diagnostische waarde van MRI met Gd-DTPA
beschreven bij 27 patiënten die in het kader van een acuut
myocardinfarct binnen 4 uur na begin van de klachten waren
gecatheteriseerd en met trombolytische therapie waren behandeld.
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MRI (0,5 T) werd gemiddeld 93 uur na het infarct verricht. MRI
beelden werden voor en 20 minuten na toediening van Gd-DTPA,
0,15 mmol/kg lichaamsgewicht, gemaakt. Bij alle patiënten werd de
signaal intensiteit van geïnfarceerd en normaal myocard bepaald voor
berekening van de intensiteitsratio infarct/normaal myocard. De
intensiteitsratio na Gd-DTPA steeg van 1,15 ± 0,17 naar
1,52 ± 0,29 (p<0,001). De intensiteitsratio van de 17 patiënten die
binnen 72 uur met MRI waren onderzocht was significant lager dan van
de patiënten die later waren onderzocht (1,38 ± 0 , 1 2 versus
1,61 ± 0,34, p<0,05). Indien de patiënten werden onderverdeeld naar
plaats en grootte van het infarct, of naar geslaagde reperfusie versus
niet geslaagde reperfusie, bleken de intensiteitsratio's zowel voor als
na Gd-DTPA niet te verschillen. MRI met Gd-DTPA verbetert de
identificatie van acuut geïnfarceerd myocard; het is echter niet
mogelijk patiënten met succesvolle reperfusie te onderscheiden van
patiënten zonder succesvolle reperfusie op grond van
intensiteitsratio's.

In hoofdstuk 7 wordt de waarde van MRI en Gd-DTPA voor de detectie
van geïnfarceerd myocard beschreven bij 84 patiënten op verschillende
momenten na optreden van een acuut myocardinfarct. Een
controlegroep van vijf patiënten zonder cardiale afwijkingen werd ook

; onderzocht. Alle patiënten ondergingen voor en 20 minuten na injectie
van Gd-DTPA (0,15 mmol/kg lichaamsgewicht) een MRI onderzoek.

, Zes en zestig patiënten en de vijf controlepatiënten werden onderzocht
j met 0,5 T en 18 patiënten met 0,6 T. Er was een variabiliteit van
i contrastversterking na Gd-DTPA van normaal myocard van
' 7% ± 4%. De intensiteitsratio infarctweefsel/normaal
,' myocardweefsel na Gd-DTPA van groep 1 (MRI minder dan 1 week
\ na infarct), van groep 2 (MRI tussen 1 week en 3 weken na infarct) en
! groep 3 (MRI tussen 3 en 6 weken na infarct) was significant hoger dan
| voor Gd-DTPA. In groep 4 (MRI meer dan 6 weken na infarct) werd
i geen verschil gezien. Na Gd-DTPA toediening werd een abnormale

toename van intensiteitsratio infarct/normaal myocard gezien bij 82%
van de MRI opnamen van groep 1, bij 62% van groep 2, bij 58% van
groep 3 en slechts bij 12% van groep 4. Verbeterde visualisatie van
geïnfarceerd myocard met Gd-DTPA wordt tot 6 weken na het infarct
waargenomen; het maximale effect wordt binnen 1 week gezien.
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Ondanks klinische gegevens, waaruit blijkt dat acuut geïnfarceerd
myocard met MRI en Gd-DTPA kan worden gevisualiseerd, is het nog
steeds niet geheel duidelijk of het myocard met verhoogde signaal
intensiteit na Gd-DTPA precies het geïnfarceerde myocard is. Daarom
worden in de hoofdstukken 8 en 9 de resultaten beschreven van
experimenten bij varkens en geïsoleerde ratteharten ter evaluatie van
de waarde van MRI met Gd-DTPA voor de karakterisering en
kwantificering van normaal, ischemisch en geïnfarceerd myocard.

Hoofdstuk 8 beschrijft de mogelijkheid om kwantitatieve informatie te
verkrijgen van normaal en geïnfarceerd myocard, alsmede
ejectiefractie en massa van de linker ventrikel van jonge varkens met
behulp van MRI onderzoek met Gd-DTPA voor, 1 week en 3 weken na
occlusie van een coronaire arterie. Vier biggen stierven voortijdig,
zodat in totaal acht varkens volledig onderzocht werden. MRI opnamen
werden vöör, en 5 en 30 minuten nà injectie van 0,15 mmol/kg
lichaamsgewicht Gd-DTPA gemaakt. Infarctpatroon 1 (donkere kern
met witte rand) was zichtbaar op MRI opnamen van vijf biggen 1 week
na infarct en op MRI opnamen van drie van de vijf biggen 3 weken na
het infarct, beide keren 5 minuten na Gd-DTPA toediening.
Infarctpatroon 2 (toegenomen signaalintensiteit van de kern met witte
rand) was zichtbaar op MRI beelden van alle acht biggen, 30 minuten
na Gd-DTPA, zowel 1 als 3 weken na het infarct. Infarctgrootte,
gemeten met statische en dynamische MRI, 3 weken na het infarct
(respectievelijk 2,0 ± 1,0 g en 2,2 ± 0,9 g) kwam goed overeen met

| de histologisch bepaalde infarctgrootte (2,1 ± 1,4 g). De met MRI
* bepaalde linker ventrikel ejectiefractie vöör chirurgie bedroeg
| 52,1% ± 7,3% en veranderde niet gedurende de daarop volgende
• weken. De massa van de linker ventrikel, bepaald met statische en
f dynamische MRI, nam met respectievelijk 10,6% ± 8,5% en
? 11,5% ± 5 , 1 % toe van vöör chirurgie naar 1 week na chirurgie. De

linker ventrikel massa nam verder toe met 9,4% ± 3,2% (statische
MRI) en 9,1% ± 4,6% (dynamische MRI) van 1 week naar 3 weken
postoperatief. Dit suggereert groei van myocard gedurende het
vervolgonderzoek. De histologisch bepaalde linker ventrikel massa
was 85,4 + 7,3 g en was gelijk aan de met MRI bepaalde linker
ventrikel massa, 3 weken na het infarct. Uit deze experimenten kan
worden geconcludeerd dat MRI met Gd-DTPA geïnfarceerd myocard
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kan aantonen in een levend varkensmodel. Zowel de uitbreiding van
kleine infarcten als de linker ventrikel ejectiefractie kan worden
bepaald. Tevens kunnen veranderingen van linker ventrikel massa
worden gevolgd in de tijd, zodat compensatoire hypertrofie of
remodellering van de ventrikel na een infarct kunnen worden
onderzocht.

Hoofdstuk 9 beschrijft de waarde van MRI met Gd-DTPA om normaal,
ischemisch en gereperfundeerd myocard in 21 geïsoleerde,
isovolumetrisch contraherende ratteharten van elkaar te
onderscheiden. Ischémie werd geïnduceerd door de perfusiedruk van
80 naar 30 mmHg te verlagen gedurende 60 of 120 minuten, gevolgd
door een reperfusieperiode van 0,20 of 60 minuten. Zes harten zonder
ischémie werden als controle gebruikt. Evans Blue tesamen met
Gd-DTPA werden gedurende de laatste 5 minuten van elk experiment
aan het perfusaat toegediend. De distributie van Evans Blue in
histologische coupes werd vergeleken met de myocardgebieden met
contrastversterking op MRI beelden. Homogene toename van de
signaalintensiteit werd gezien in de controleharten zonder ischémie.
Na variabele periodes van ischémie werden niet-geperfundeerde
gebieden waargenomen zowel op de MRI beelden als op de
histologische coupes met Evans Blue. Na variabele periodes van

, reperfusie bleek de grootte van ongeperfundeerde gebieden te
verminderen zowel op de MRI beelden als op de Evans Blue coupes,

;; afhankelijk van de duur en ernst van de ischémie. Dit onderzoek toont
v aan dat het mogelijk is om met MRI en Gd-DTPA myocardiale
j; ischémie en reperfusie te visualiseren door versterking van het contrast
|j tussen normaal geperfundeerd en ischemisch myocard in een
I geïsoleerd, volgens Langendorff geperfundeerd rattehartmodel.

| Hoofdstuk 10 geeft de belangrijkste bevindingen van het in dit
I proefschrift beschreven onderzoek en bespreekt nieuwe
k ontwikkelingen van MRI en MR spectroscopie bij het onderzoek van
1 coronaire hartziekten.
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