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Abstract

Cardiovascular MRI has effectively become a reference standard for quantifying ventricular
volumes and function and for measuring the myocardial scar burden after myocardial infarction.
Imaging of late gadolinium enhancement and microvascular obstruction carries strong prognostic
information for identifying patients who would benefit from anti-remodeling therapy. The
combination of gadolinium enhancement, perfusion, and cine imaging should make MRI the
modality of choice in the assessment of left ventricular dysfunction and remodeling. The use of
MRI in clinical trials of heart failure could help reduce sample size requirements because of its
accuracy and reproducibility. This review describes the use of MRI in assessing ventricular
remodeling and viability and summarizes the few studies that have relied on MRI for image-based
markers of ventricular remodeling.
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Introduction

MRI has effectively become a reference standard for the assessment of ventricular volumes
and ventricular function, thereby providing an accurate tool to monitor ventricular
remodeling. Ventricular remodeling, in the general sense of chanages in ventricular function
and structure, can have many causes, including adaptations to high-intensity endurance
training [1], myocardial injury, and loss of myocardial viability from coronary heart disease
[2]. A consensus panel has defined adverse ventricular remodeling as the “genomic
expression resulting in molecular, cellular and interstitial changes that are manifested
clinically as changes in size, shape and function of the heart after cardiac injury” [3]. The
prevention of adverse remodeling after myocardial infarction represents one of the most
important challenges in clinical cardiology [2]. An accurate quantitative assessment of
ventricular remodeling is therefore of utmost importance for determining prognosis and
gauging the effectiveness of therapeutic interventions. Ventricular remodeling is most
frequently characterized in terms of the changes in measures relating to ventricular shape
and function, but novel MRI approaches can add further histologic markers of structural
alterations that initiate or accompany ventricular remodeling. For example, contrast-
enhanced MRI has proven to be a highly precise method of determining the location, extent,
and transmurality of myocardial scar, which provides important prognostic information in
patients at risk for developing heart failure or hard cardiac events [4].

Assessment of ventricular volume and function and myocardial viability can be performed
routinely and efficiently with MRI, yielding results that are highly observer- and operator-
independent if standard protocols are followed. Should MRI therefore be the modality of
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choice for assessing ventricular remodeling and viability? This review describes important
advantages of MRI for studying ventricular remodeling and summarizes current limitations.
Beyond their application as an imaging modality using the signal from the *H nucleus,
magnetic resonance techniques are of considerable benefit for measuring derangements in
cardiac high-energy phosphate metabolism by 31P spectroscopy to obtain markers of tissue
injury and metabolic indicators of the extent of ventricular remodeling [5-7]. These
spectroscopic applications are beyond the scope of this review.

Ventricular Volume, Shape, and Function

Adverse left ventricular (LV) remodeling following myocardial infarction increases the risk
of heart failure and death. Changes in ventricular geometry and ventricular function can
reflect adverse remodeling but are not the sole markers of adverse remodeling. Tomographic
imaging modalities such as MRI and CT provide the ability to obtain complete, three-
dimensional representations of the ventricle for a user-defined number of cardiac phases.
The data sets have four dimensions: three variables define the spatial location of each voxel
in each image, and the time stamp for each data item defines the cardiac phase. Time is
generally measured relative to a fiducial event in the cardiac cycle such as the peak of the R
wave on the electrocardiogram if electrocardiographic triggering is used to acquire the data.
With MRI, stacks of contiguous slices in a short-axis orientation, covering the heart from
base to apex, provide complete spatial information for each cardiac phase.

A fully sampled four-dimensional data set covering the entire volume of the heart allows
one to calculate ventricular dimensions and volumes in each cardiac phase without reliance
on any models of ventricular geometry. This represents a significant advantage for patients
with abnormal ventricular geometry and chamber distortion as a result of remodeling. Figure
1 shows an example of a three-dimensional model of the left ventricle built from a four-
dimensional MRI cine data set. The extensive remodeling of the left ventricle in the area
with scar, reflected in thinning and bulging of the left ventricle, has led in this case to
dyskinetic wall motion in the scar area: the thinned wall moves outward during systole, and
viable areas still show contractile motion. Extensive dyskinesis can render it difficult to
determine the timing of end systole if only a few two-dimensional views are used to assess
ventricular volume and function. This problem is circumvented with a complete three-
dimensional model, because end systole and end diastole are, for the purpose of quantifying
ventricular function, defined as the phases with minimal and maximal ventricular volume,
respectively. In the presence of mitral regurgitation, stroke volumes can be accurately
estimated by performing phase contrast blood flow velocity measurements above the aortic
valve.

Although MRI cine imaging is the gold standard for quantifying ventricular size and
function, there are continuing efforts to improve the protocols and techniques to avoid some
pitfalls. For example, its accuracy can be compromised by poor delineation of the
endocardial and epicardial borders due to gating problems or poor cardiac function,
registration errors between slices acquired during different breath-holds, partial volume
effects related to large slice thickness, and image artifacts from implanted devices. At the
basal level of the left ventricle, two-dimensional images in the short-axis view should only
be included in the ventricular volume estimate if the image slice lies below the mitral valve
plane. Because the slices have a thickness, it is always possible that some left atrial volume
is inadvertently included (partial volume effect). The location of the mitral valve plane is not
well defined if only short-axis views are used. The location of the mitral valve plane is best
ascertained by including long-axis views for the analysis of ventricular volume and function.
Partial volume effects can be reduced by imaging thinner slices. Although the need for more
slices implies that the examination time is longer, parallel imaging using phased arrays of
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receiver coils can accelerate the acquisition, and with imaging acceleration multiple slices
can be imaged during each breath-hold. Finally, cardiac gating has become more reliable
with the vectorcardiographic gating methods.

Ventricular volumes are calculated using cardiac image analysis programs that provide the
following features:

1. Tools for tracing of the endocardial contours at each slice level,
2. Capabilities for automatic segmentation,

3. Correction of computer-generated contours, and

4

Algorithms for calculating the global ventricular volumes from the volume in each
slice using, for example, Simpson’s rule to add up the ventricular volume in each
slice.

The analysis is predominantly based on the use of images in the short-axis orientation. The
curvature of the LV wall perpendicular to the short-axis views is often taken into account to
further reduce partial volume effects, in this case near the endocardial border.

The sharpness of the border and the differential contrast between blood pools and
myocardium at the endocardial border determine the feasibility of automating the
segmentation of the images [8]. Definition of the endocardial border can be improved by
choosing magnetic resonance cine techniques with steady-state free precession, which
makes blood appear brighter than in conventional cine imaging, particularly in patients with
poor ventricular function. Older cine MRI methods based on gradient echo techniques relied
more on blood flow into the slice plane for the endocardial border definition and therefore
did not work well in patients with poor ventricular function. Other alternatives include
intravascular contrast agents [9] or extracellular contrast agents [10] to enhance the signal
from blood independently of flow while the signal from myocardium remains relatively low.

The accuracy of the MRI technique (ie, its ability to give volume estimates that are close to
the true volume) was ascertained by comparison with water-submerged latex casts of human
hearts [11] and comparison of ventricular mass with the mass measured at the time of
autopsy [12] and also in heart phantoms [13]. Although the accuracy of MRI in measuring
ventricular cavity volumes cannot be directly determined because it is difficult to reproduce
the loading conditions of the heart ex vivo, evidence of accuracy from measuring
myocardial volume may be an effective surrogate. Reproducibility (ie, the consistency of
repeated measurements in the same persons) was assessed in healthy volunteers [14] and
patients with compromised LV function [15]. Not surprisingly, interstudy reproducibility
was better in healthy volunteers than in patients with heart failure, with coefficients of
variability (SD of difference between measurements, divided by the mean of measurements)
of 2.9% for end-diastolic LV volume, 6.5% for end-systolic LV volume, 3.9% for stroke
volume, and 2.8% for LV mass, all of which were at least 50% lower than the values
obtained by two-dimensional echocardiography in the same volunteers [15]. In patients with
heart failure, MRI maintained a similar margin of superiority over two-dimensional
echocardiography. Bellenger et al. [16] argued that the excellent reproducibility of cardiac
cine MRI could be taken advantage of to reduce sample size in clinical trials. In patients
with heart failure, they calculated sample sizes of 12 to detect a 10 mL change in end-
diastolic LV volume, 10 to detect a 10 mL change in end-systolic volume, 15 to detect a 3%
change in ejection fraction, and 9 to detect a 10 g change in mass, all substantially smaller
than recently published values for two-dimensional echocardiography (reduction, 81%-—
97%) [16]. As evidence that these estimates appaear to be realistic, we point out, as an
example, a randomized study in 41 patients by Groenning et al. [17] that demonstrated with
cine MRI that the B-blocker metoprolol CR/XL has anti-remodeling effects on the left
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ventricle in patients with chronic heart failure, a result that is consistent with the highly
significant decrease in mortality from worsening heart failure found in the Metoprolol
Randomized Intervention Trial in Congestive Heart Failure (MERIT-HF), which included
nearly 4000 patients.

The most common measures quantifiable by cardiac cine MRI are the ventricular
dimensions, volumes, and myocardial mass and derived quantities such as ejection fraction,
stroke volume, and cardiac output. Additional measures relate to the shape of the ventricle,
such as the ratio of the long axis to the short axis, which plays an important role in the
pathogenesis of mitral regurgitation [18]. Another measure of LV shape distortion that was
found useful in studies of patients with heart failure is the sphericity index, defined as the
ratio of the major axis to the minor axis of the left ventricle [19].

Wall Stress and Strain

Wall stress plays an important role in ventricular remodeling, both as a powerful stimulus
for remodeling and as an indicator of the adverse effects of ventricular remodeling, which
can result in a significant increase of wall stress [20]. Estimates of regional wall stress
require determination of wall thickness and wall curvature, highly accurate measures of
which are accessible by cine MRI. Although the use of MRI for structural measurements of
the left ventricle is well accepted, approaches diverge considerably for estimating wall
stress. An average measure of wall stress [21,22] can be obtained from the modified Laplace
relation, using the LV midwall thickness (t) and the lengths of the major (a) and minor (b)
semi-axes together with an estimate of the transmural pressure (P): o = [(P x b)/t] x [1 - (t/
2b)] x {1 - [(t x b)/2a2]}.

Regional peak systolic wall stress in the radial direction (o;) can be determined following
Grossman et al. [23] by measurement of the inner radius of the left ventricle (R) and wall
thickness (t) at end systole: o, = (0.133 x SP x R)/{2t x [1 + (t/2R)]}, where SP is peak
systolic ventricular blood pressure in millimeters of mercury, and the final result for wall
stress is expressed in 108 N/cmZ2. Alternatively, finite element models can be loaded with
pressure to obtain numerical solutions for the regional stress by treating the myocardium as
a linearly elastic and isotropic material [24]. In healthy volunteers, the principal stress
component was estimated by finite element analysis to be highest near the base of the heart;
it decreases by about 40% toward the apex of the heart, even without accounting for a
ventricular pressure gradient from base to apex [24].

Ventricular dilatation increases the radius of curvature and is accompanied by wall thinning,
and both of these changes increase wall shear stress. Blom et al. [25¢] used MRI to
demonstrate the benefits of a ventricular constraint device that provided passive mechanical
diastolic support to curb ventricular remodeling and reduce ventricular wall stress in sheep
with myocardial infarction.

Myocardial Viability

Ventricular remodeling after myocardial infarction increases in severity with the magnitude
of the infarction. The location and extent of nonviable tissue represent important prognostic
information. Furthermore, processes such as infarct expansion and infarct resorption [26]
require a technique with high spatial resolution and accuracy for monitoring postinfarction
remodeling.

Under normal conditions, gadolinium contrast agents used with MRI remain confined to the
extracellular space. With myocardial infarction, the distribution volume for gadolinium
contrast is significantly expanded and reaches 60% to 70% in myocardial scar tissue. As
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early as 3 or 4 minutes after administration of gadolinium contrast, one can reliably detect
nonviable myocardium by the focal contrast enhancement relative to remote areas. To render
the signal from scar as conspicuous as possible, one adjusts the contrast parameters of the
pulse sequence so that the signal from normal myocardium is suppressed [27]. The MRI
technique for detection of late gadolinium enhancement (LGE) is now well established and
allows scanning for LGE over the entire heart in fewer than 10 minutes. It has therefore
become feasible with cardiovascular MRI to track early infarct expansion, followed by
infarct resorption, scar formation, and wall thinning [28].

Kim et al. [4] demonstrated in a landmark study that the likelihood of improvement in
regional contractility over 2 to 3 months after revascularization decreased in inverse
proportion to the transmural extent of LGE before revascularization. The transmural extent
of LGE was found to be a good predictor of the improvement of LV function caused by f-
blocker therapy in patients with heart failure [29]. Orn et al. [30] found that scar size
determined by MRI of LGE was the strongest independent predictor of ejection fraction and
LV volumes in patients with acute myocardial infarction and signs or symptoms of heart
failure. The authors concluded that minimization of scar size is critical to preventing adverse
remodeling independent of the location of the scar. Even in patients with suspected coronary
artery disease but without a history of myocardial infarction, LGE involving a small amount
of myocardium carries a high cardiac risk [31]. This includes patients with normal global
LV function and few signs of ventricular remodeling.

LGE MRI was shown to have significantly better sensitivity, specificity, predictive values,
and accuracy than resting thallium-201 single-photon emission computed tomography (29171
SPECT) in the prediction of regional myocardial viability [32]. The interstudy
reproducibility of scar size measurements repeated within 20 minutes after a single contrast
injection was tested in patients with chronic infarcts using contrast-enhanced MRI and 29171
SPECT [33]. The coefficient of repeatability (1.95 x SD of difference) for scar size averaged
+2.4% LV with MRI, compared with +4.0% LV with 291T] SPECT. The authors concluded
that if infarct size is chosen as an end point for a trial, the study cohort for an MRI-based
trial needs to reach only 42% of the cohort size of a SPECT-based study. Thiele et al. [34]
reported similar results for the limits of agreement (1.95 x SD = +2.4% LV) between
repeated studies (but performed on separate days and with separate contrast injections) in
patients with acute or chronic myocardial infarctions.

The prognostic value of LGE can be further enhanced by considering the early phases of
contrast enhancement during the first pass of the contrast agent to determine the degree of
microvascular obstruction (MO) after revascularization. Wu et al. [35] showed that the
presence of MO was a powerful prognostic marker of postinfarction complications, with
independent adjustment for infarct size. The degree of regional adverse remodeling after
primary angioplasty for acute myocardial infarction was significantly worse in myocardial
segments with MO than in infarcted segments detected with LGE but without MO [36].

Limitations

MRI has some important limitations, including scan time and the resultant cost of the study.
However, cost is expected to fall with more widespread use of this clinical technology.
Magnetic resonance scanner technology has evolved to the point at which ventricular shape
and function can be assessed in fewer than 10 minutes using parallel imaging techniques
with phased-array receiver coils. Quantification of scar extends the examination time by no
more than another 10 minutes. Therefore, the cost of using an MRI scanner can be
considered of secondary importance if imaging protocols are efficiently implemented with
the latest generation of MRI scanners.
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About 4% of patients suffer from claustrophobia, making MRI in conventional systems with
cylindrical bores unsuitable without sedation of the patient. Newer, open systems with
magnetic field strengths of up to 1 T can effectively address this problem while still
providing sufficient image quality for cine MRI studies. MRI is poorly tolerated by patients
with orthopnea, but MRI systems that allow the patient to stand or sit during the
examination are not practical or available.

Almost all cardiac MRI protocols require cardiac gating using electrocardiography or pulse
oximetry. MRI is difficult in patients who are not in regular sinus rhythm. However, real-
time imaging techniques recently have become feasible, and further development of imaging
acceleration techniques may make it possible to routinely obtain cine images in patients who
are not in a regular sinus rhythm.

Cardiac devices such as pacemakers and implanted defibrillators have precluded MRI at
most institutions, although studies suggest that the criteria could be relaxed with modern
pacemakers, given proper pre-MRI and post-MRI interrogation of the device [37].
Furthermore, device manufacturers are trying to develop MRI-compatible and MRI-safe
cardiac devices.

Recent reports that gadolinium contrast may trigger nephrogenic systemic fibrosis (NSF) in
patients with kidney disease have led to restrictions on the use of gadolinium contrast in
patients with renal disease. Of the many gadolinium-enhanced MRIs performed worldwide
in the past decade, NSF only has been reported primarily in a few patients with preexisting
severe renal dysfunction (estimated glomerular filtration rate < 30 mL/min). In addition,
although all gadolinium-based contrast agents can cause NSF, registry information indicates
that most of the patients who developed NSF received gadodiamide, one of several available
gadolinium contrast agents, prior to the development of symptoms. The mechanisms leading
to systemic sclerosis after gadodiamide exposure are not well understood, and the number of
cases has been too low to observe statistical differences in the incidence of NSF with
different contrast agents. It is currently recommended that 1) an individualized decision
weighing the risk—benefit ratio be applied in patients with renal conditions who have an
absolute indication for gadolinium-enhanced MRI studies, 2) strong consideration be given
to eliminating or reducing the amount of gadolinium-based contrast, and 3) dialysis be
performed within 24 hours and repeated later in patients with end-stage renal disease who
receive gadolinium-based contrast agents.

CT and three-dimensional echocardiography may compete with MRI for the study of
ventricular remodeling and viability. CT can be performed on patients with implanted
devices, and claustrophobia is generally not a concern for CT examinations. Its drawbacks
are significant radiation exposure, particularly with frequent follow-up studies, and the fact
that the temporal resolution for cine studies is generally not nearly as high as achievable
with MRI. CT has been used to assess myocardial viability, although initial evidence
suggests that scar conspicuity is better with the dynamic contrast-enhanced MRI technique
[38]. Three-dimensional echocardiography is well suited for model-independent assessment
of ventricular shape and function, as with MRI and CT, and therefore for overcoming a
limitation of two-dimensional echocardiography. The extent of myocardial scarring cannot
be assessed well with echocardiography.

Conclusions

There is substantial evidence to support the use of cardiac MRI as a versatile and accurate
imaging modality to assess LV remodeling. In addition, imaging of LGE carries strong
prognostic information for identifying patients who would benefit from anti-remodeling
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therapy. In patients without a hazardous device or contraindications to MRI, the

co

mbination of LGE imaging and cine imaging would make MRI the modality of choice in

the assessment of LV dysfunction and heart failure.
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Figure 1.

MRI with late gadolinium enhancement in the short-axis (A) and two-chamber (B) views
shows precisely the extent of nonviable ventricular wall and the pronounced wall thinning
relative to the nonenhancing wall segments. Cine MRI for a stack of slices in the short-axis
orientation from base to apex was performed in the same patient to construct a three-
dimensional finite-element model of the left ventricle for each cardiac phase, shown for end
systole (C) and end diastole (D). The three-dimensional model of this failing heart shows
marked bulging of the infarcted ventricular wall relative to the remaining contracting wall
segments near the base of the left ventricle. With MRI, images of regional function,
viability, and perfusion can be exactly registered to a common coordinate system by
matching slice prescriptions.
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