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ABSTRACT

Purpose: To evaluate qualitative wall motion assessment vs. quantitative wall thickening for
the assessment of subtle changes in myocardial systolic function using cine MRI. Methods:
Cine MR images were obtained in 5 canines with a significant coronary artery stenosis and in 2
controls on a 1.5T scanner. Qualitative results were obtained using a numerical scoring system;
quantitative analysis was performed using a semi-automatic segmentation program. The tech-
niques were matched and compared using Spearman correlations. Results: All correlations in
the experimental group revealed significant but weak to moderate relationships between the
qualitative and quantitative results (e.g., at-risk tissue rho = 0.363, p < 0.0001; remote tissue
rho = 0.275, p = 0.0002), with each identifying changes in regional function that ensued follow-
ing creation of the stenosis. Intra-observer variability was reasonable in both methods when
repeat analysis on a subset of the data was performed, with both techniques showing a signif-
icant correlation between the repeated measurements (quantitative − rho = 0.52, p < 0.0001;
qualitative − rho = 0.54, p < 0.0001). Conclusion: Both methods were able to detect very limited
wall motion abnormalities present in the canines with significant stenosis and either method
gives comparable results.

INTRODUCTION

Accurate assessment of regional myocardial systolic func-
tion is critical for proper diagnosis and management of patients
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with cardiovascular disease. Magnetic resonance imaging (MRI)
provides a non-invasive approach to evaluate the biomechani-
cal dynamics of the heart, including morphological, functional,
and metabolic information (1). By spatially registering tomo-
graphic images of the heart in different phases of the cardiac
cycle, MRI can provide three-dimensional (3D) visualization
of global cardiac function and regional function with accuracy
and reproducibility (2–4). Furthermore, the advances in gradi-
ent technology and reconstruction techniques have increased
magnetic resonance (MR) image acquisition speed and made
real-time cine MRI possible (4). Thus, sampling of the my-
ocardial wall thickness over the entire left ventricle is possible
(5, 6), resulting in the improved assessment of myocardial sys-
tolic function (4, 7).

Most commonly, regional systolic function is analyzed qual-
itatively, although quantitative assessment by drawing myocar-
dial contours to visualize movement of the inner wall of the
heart is possible given the ability of MRI to define the en-
docardial and epicardial borders (3). Qualitative wall motion
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assessment (regional endocardial surface motion) is a relatively
quick and robust measurement but can be subject to bias and may
be less accessible to researchers, whereas quantitative assess-
ment of heart wall thickening (% change in wall thickness from
end-diastole [ED] to end-systole [ES]) is more time-consuming
(8) but less biased and most likely to yield reproducible results
(9). It has been demonstrated previously that the use of quanti-
tative analysis of cine MR images accurately determines degree
and extent of regional LV dysfunction in the infarcted heart
in vivo (10), where large regions of dysfunction are present.
Such quantitative image analysis of the cardiac cycle requires
identification of the endocardial and epicardial borders of the
left ventricle. These borders are traditionally identified by man-
ually tracing contours in the images (11–14). The examiner has
a distinct influence on the accuracy of contours (2) and in the
appropriate hands high reproducibility and reliability of man-
ual contour tracings can be obtained (15). Alternatively, reliable
automated or semi-automated image segmentation software has
shown the ability to overcome the limitations associated with
the manual processing of the images (9, 16). Thompson et al.
(17) found that two different semi-automatic cardiac software
analysis packages (MASS and ARGUS) provided similar results
for regional percent wall thickening, with only 6.1% variability
between the two packages. Therefore, using automatic segmen-
tation software instead of manual tracing allows for a further
examiner-independent process.

The study presented here was designed to compare qualita-
tive wall motion measurements vs. quantitative wall thickening
results using images obtained in a canine model of coronary
heart disease in which only subtle changes in regional systolic
function are anticipated and myocardial infarction is absent or
minimal. It has been previously documented that this model in-
duces small reversible reductions in regional wall motion (18).
Hence, these two methods to evaluate perturbations in regional
ventricular function are investigated in the setting of expected
small, reversible changes. It was not the intent of this study to
compare these two methods in the setting of severe wall motion
abnormalities such as those resulting from moderate to large
transmural infarction as this has already been demonstrated in
the literature. Such major changes in regional function are usu-
ally easily detected with a number of methods including echocar-
diography, SPECT and PET, as well as MRI (19–22). Rather it
was our goal to evaluate these methods based on MR images of
subtle effects; effects that could signal early changes in regional
function as an indicator of evolving myocardial hibernation.

MATERIALS AND METHODS

Animal preparation and surgery

These studies in female canines were performed in accor-
dance with the University of Western Ontario Council on An-
imal Care guidelines. Anesthesia for surgery and all follow-up
imaging sessions was induced with Propofol 1% (Astra Zeneca,
Mississauga, Canada) intravenously and then maintained us-
ing 2–2.5% isoflurane after endotracheal intubation. The animal

model methodology has been described previously (18). A sig-
nificant coronary artery stenosis (average stenosis 76 ± 4.8%;
SEM) was created in the left anterior descending coronary artery
and confirmed using quantitative digital coronary angiography.
Six radioactively-labeled microspheres were available for anal-
ysis of regional myocardial blood flow (BF): 141Ce, 85Sr, 46Sc,
95Nb, 51Cr, and 103Ru (Perkin-Elmer, Boston, MA, USA). Blood
flow was measured six times in the following order: 1) during
a complete transient occlusion to measure the region at risk
(RAR; 45 sec); 2) at rest following stenosis formation; 3) dur-
ing coronary hyperemia at the time of surgery; and 4–6) weekly
thereafter. Coronary hyperemia was induced using dobutamine
(30 µg/kg/min). Following the third microsphere blood flow
measurement the chest was closed and the dog recovered. Sub-
sequent blood flow measurements were acquired by infusing
the microspheres through a pig-tail cathether placed in the left
ventricular cavity.

After the completion of the experiment at 3 weeks post-
surgery, potassium chloride was injected to sacrifice the animal,
and the heart quickly excised. The heart was sliced into five to
seven slices and sectioned into pieces. These tissue samples were
counted for radioactivity to determine myocardial blood flow by
microspheres and the at-risk region was determined from these
blood flow results (see Myocardial Blood Flow Analysis below).

Imaging protocol

MR cine images were obtained prior to baseline (B) and at
1 week (W1), 2 weeks (W2), and 3 weeks (W3) following the
surgical intervention. All imaging was performed on a Siemens
Vision 1.5T clinical system (Siemens, Erlangen, Germany), and
the same imaging protocol was used for all imaging sessions.

Animals were placed prone in a head coil and the heart
centered within the coil. A 0.2 mmol/kg/min bolus of gadolin-
ium diethylenetriaminepetaacetic acid (Gd-DTPA) was injected
at a rate of 46 mL/min, followed by a constant infusion of
0.004 mmol/kg/min to investigate myocardial viability. Short
axis cine images (TR/TE 10/4.8 ms, 8 mm slice thickness, 30◦

flip, FOV 254–300 mm, 128×128 matrix) were obtained at rest
and during dobutamine-induced stress for assessment of con-
tractile function using qualitative and quantitative analysis. On
average, 10 phases were acquired, resulting in an average of 19
frames per cardiac cycle per slice by making use of echo sharing
(Siemens, Erlangen, Germany). Each slice position was acquired
during a breath-hold by suspending ventilation and took approx-
imately 30 seconds to acquire. Total short-axis cine imaging
throughout the left ventricle took about 10 minutes to complete.

Image and data analysis

Qualitative analysis

Qualitative wall motion analysis was performed on all cine
MR images throughout the left ventricle at every slice position
and time-point in each animal. Qualitative analysis of images
was based on the assessment of regional endocardial systolic
wall motion determined in six regions (inferoseptal, septal,
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anteroseptal, anterolateral, lateral, and inferolateral) using a
seven-point scoring system, with 1 to 7 representing dyskinetic,
akinetic, severely hypokinetic, moderately hypokinetic, mildly
hypokinetic, normal, and hyperkinetic wall motion, respectively.
This analysis was performed by an experienced cardiologist
(GW), who was kept blinded to the dog number and time-point
of each study. The assessment of regional wall motion depends
on the quality of the images (23). Therefore, subjective ranking
of cine image quality was performed. Two slices out of 80 were
deemed of poor quality and were removed and not included in
the subsequent analysis, for both the qualitative and quantitative
results. In one animal, wall motion analysis was repeated for
all time-points to measure intra-observer variability including
potential drift in scoring with time. The second analysis was
performed several weeks after the first analysis and was kept
blinded from the observer.

Quantitative analysis

Quantitative analysis was performed using a semi-automatic
segmentation program (ARGUS; Siemens, Erlangen Germany).
Contours were drawn around the endocardium and epicardium
of the ED and ES frames for each slice position (Fig. 1). A ref-
erence sector was placed at the inferior border where the right
ventricle meets the left ventricle in both the ED and ES images to
compensate for cardiac twist (2, 9). The percent wall thickening
between these contours in twelve different sectors was calculated
and averaged to obtain wall-thickening values for six regions
corresponding to the six regions used in the qualitative analysis.
Global function, expressed as ejection fraction, was also calcu-
lated. Repeat analysis of wall thickening was performed in the
same animal as in the qualitative analysis, and the two sets of
results were investigated for intra-observer variability.

Comparisons between the qualitative and quantitative mea-
surements were made for all RAR and remote values ob-
tained from all animals. These comparisons included evaluating
whether correlations were stronger in certain regions of the heart
(RAR vs. remote), in different slices (apex [A], mid-apex [MA],
mid-base [MB], base [B]) or at certain times after stenosis for-
mation. A total of 494 pairs were available for the various com-

Figure 1. End-diastolic and end-systolic MR images displaying the
endocardial and epicardial contours drawn for quantitative assess-
ment of % wall thickening. The myocardium was divided into 12
equal sectors starting from the reference sector, shown at the in-
tersection of the right and left ventricle.

parisons. Both the qualitative and quantitative measurements
were repeated using the same data acquired from one animal to
determine reliability of the measurements. The ejection fraction
measurements were repeated by another user to obtain the inter-
examiner variability of the endocardial contour placement using
the semi-automatic segmentation program.

Myocardial blood flow analysis

Regional myocardial blood flow (BF, mL/min/g) was de-
termined using standard microsphere blood flow measurement
techniques and has been explained previously (18). The RAR
tissue was determined by identifying the tissue with blood
flow ≤0.3 mL/min/g during a 45s transient occlusion of the
LAD as measured with microspheres. Regions with blood flow
>0.3 mL/min/g were defined as remote tissue. This segmenta-
tion was performed in all animals, including the control animals
even though no stenosis was created for comparison between
heart regions. Perfusion reserve (PR; BFstress /BFrest) and perfu-
sion reserve ratio (PRRAR/PRremote) were calculated in the RAR
and remote tissue and correlated to regional wall motion. These
correlations were a further measurement of the sensitivity of the
two wall motion analysis techniques.

Statistical analysis

Spearman correlation coefficients were calculated for the
resting left ventricular function data to determine how well the
qualitative and quantitative results were related. Intraclass cor-
relation (ICC; two-way mixed model) was used to determine
reliability of the quantitative ejection fraction measurements
and the repeated quantitative wall motion results. An ICC value
of >0.8 suggested good reliability. Non-parametric (Wilcoxon)
and parametric paired t-tests were used to determine the system-
atic changes when repeating qualitative and quantitative mea-
surements, respectively. p < 0.05 was considered significant
for all tests other than the intraclass correlation. Correlations
were considered strong if 1.0 > rho > 0.7, moderate if 0.7 >

rho > 0.4; weak if 0.4 > rho > 0.1. GraphPad Prism (San
Diego, CA, USA) was used for all Spearman correlations and
t-tests and SPSS 10 (Chicago, IL, USA) was used for the ICC
analysis. Average wall motion and wall thickening results are
displayed as mean ± SD.

RESULTS

Figure 2 shows the average qualitative (left figures) and av-
erage quantitative (right figures) results from each animal in the
RAR and Remote tissue regions for all 4 slices analyzed in the
stenosis and control animals, respectively. Viability was main-
tained in all but one animal (2nd panel in Fig. 2), where a limited
subendocardial infarction was noted at the final imaging session
as evidenced by contrast-enhanced imaging. Average qualitative
and quantitative results from each time-point in the RAR tissue
identified W1 as the nadir of left ventricular function (quantita-
tive: B = 20.5 ± 14.7%, W1 = 17.7 ± 19.0% , W2 = 22.1 ±
17.3%, W3 = 20.0 ± 14.0%, qualitative: B = 5.74 ± 0.49, W1
= 5.25 ± 1.10, W2 = 5.32 ± 1.01, W3 = 5.52 ± 0.72). Visual
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Figure 2. Average qualitative and quantitative results from the five experimental animals over the course of the experiment. B = Baseline,
W1, W2, W3 = Weeks 1, 2, and 3 following surgery. Similar trends are apparent in most of the animals, with obviously more variability in the
quantitative measurement. A—Apex; MA—Mid-Apex; MB—Mid-Base; B—Base.

assessment of the qualitative and quantitative results (Figs. 2
and 3) suggests reasonable agreement, but further investigation
into the relationship between the values was performed using
correlation analysis.

Figure 4 illustrates some of the correlation analyses per-
formed with the remainder of the correlation results reported

in Table 1. These results showed weak but significant corre-
lations when all the data (stenosis and control animals) were
assessed (rho = 0.237) as well as when the RAR (rho = 0.363)
and remote (rho = 0.275) results from the stenosis animals were
analysed separately. Analysis of the control data alone revealed
that the qualitative and quantitative data were not significantly
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Figure 3. Average qualitative and quantitative results from the two control animals over the course of the experiment. Similarly to the results in
Fig. 2, the qualitative and quantitative results show comparable trends with increased variability in the quantitative results.

Figure 4. Selected graphs from the correlation analyses performed. A—all values from both the control and experimental animals (n = 494);
B—values from the experimental animals in the RAR tissue (n = 160); C—values from the experimental animals in the remote tissue (n = 178);
D—values from the control animals in the RAR tissue (n = 76); E—values from the control animals in the remote tissue (n = 80); F—values from
the experimental animals in the RAR tissue at W1 (n = 40), where the strongest correlation was noted.
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Table 1. Spearman rho correlations assessing the associations
between qualitative and quantitative values calculated in the
experimental animals in the RAR and remote tissue over time

Spearman rho Values
RAR Remote All Values by Slice

B −0.122 (NS) 0.426‡ Apex 0.325†

W1 0.640† 0.442‡ Mid-Apex 0.284‡

W2 0.489‡ −0.055 (NS) Mid-Base 0.282‡

W3 0.294 (NS) 0.212 (NS) Base 0.464†

(B = Baseline; W1 = Week 1; W2 = Week 2; W3 = Week 3).
Correlations were also evaluated for all tissue regions and time-points
combined in the 4 slice positions acquired (Apex, Mid-Apex, Mid-Base,
Base).
†p < 0.001.
‡p < 0.01.

correlated in the RAR tissue or in the remote tissue. Most (70%)
of the correlations reported were significant but only weak to
modest. At one week after stenosis formation, when regional
wall motion was most abnormal, the correlation between the
two techniques in the RAR tissue was strongest, with rho =
0.64 and p < 0.0001.

Correlation analysis between the qualitative and quantitative
techniques during dobutamine stimulation was often not possi-
ble since only one score was available using the wall motion
scoring technique. In 77.4% of tissue regions, wall thickening
was increased by more than one standard deviation over the cor-
responding resting wall thickening values, and 75.5% of the wall
motion scores were considered hypercontractile during low-,
mid-, and high-dose dobutamine infusions.

To investigate the intra-user variability, both the qualitative
and quantitative analyses were repeated in one animal. For the
quantitative data, the percent difference, intraclass correlation

Table 2. LV ejection fraction values determined by two different users
(KSL and MF) in the five experimental dogs using the semi-quantitative
software employed for the % wall thickening analysis

Examiner 1(MF) Examiner 2(MF)
DOG B W1 W2 W3 DOG B W1 W2 W3

1 29.8 23.9 46.1 37.3 1 31.8 27.7 42.6 39.3
2 40.7 44.5 31.7 34.7 2 38.3 42.4 31.3 33.6
3 28.7 45.0 37.0 41.0 3 24.2 40.9 35.8 38.1
4 46.7 53.7 50.9 26.7 4 45.9 52.2 49.4 28.3
5 38.0 21.0 36.2 35.1 5 33.9 18.3 34.2 33.7
AVG 36.4 37.6 49.4 35.0 Avg 31.2 37.0 36.3 37.0

The ejection fraction results were not significantly different between
the two users, suggesting that placement of the endocardial contours
was relatively reproducible.
Imaging Sessions: B—Baseline; WI—Week 1; W2—Week 2;
W3—Week 3.

(ICC), significant difference (paired t-test) and spearman corre-
lation were computed. Only the spearman correlation and non-
parametric t-test (Wilcoxon) were performed on the qualitative
data since these data are subjective and on an ordinal scale.
Figure 5 shows the averaged original and repeat qualitative and
quantitative results. The quantitative technique measurements
were not statistically different from one another, the average
percent difference was 8.4% over all the regions, and the ICC
result was 0.56. The repeated qualitative measurements were
found to be significantly different from one another. Spearman
correlation analysis revealed moderate and significant correla-
tions in both the quantitative (rho = 0.52, p < 0.0001) and
qualitative (rho = 0.54, p < 0.0001) techniques.

Table 2 illustrates the ejection fraction results calculated by
two different users (MF and KSL), which allowed for a com-
parison of inter-examiner variability of EFs and, indirectly, the

Figure 5. The original and repeated qualitative and quantitative assessments from one stenosis animal. The quantitative and qualitative tech-
niques had similar spearman correlation values but the two quantitative measurements did not vary significantly from one another whereas the
two qualitative measurements were significantly different.
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Figure 6. Spearman correlations between wall motion scores (A and B) or wall thickening values (C and D) and perfusion reserve (PR) ratio
values in the RAR (A and C) and remote (B and D) tissue. A significant correlation was found between wall motion scores and PR ratio in the
RAR tissue but no such relationship was found either in the remote tissue or in the RAR tissue between the wall thickening values and PR ratio,
suggesting that the qualitative technique is more sensitive for small changes in left ventricular function.

reproducibility of the placement of the endocardial contours
during wall thickening analysis. The results are similar to one
another, with the average intraclass correlation between the ejec-
tion fraction results were 0.95 for baseline, 0.98 for week 1, 0.97
for week 2, 0.94 for week 3, and 0.96 overall, and were found
to not be statistically different from each other.

Correlations between the perfusion reserve ratio values mea-
sured using microspheres and the quantitative and qualitative
wall thickening and wall motion results are shown in Fig. 6. A
significant correlation was found in the RAR tissue between PR
ratio and wall motion score but not between PR ratio and wall
thickening. In the remote tissue, no relationship was present
between wall motion or wall thickening and PR ratio.

DISCUSSION

This study compared regional contractility results obtained
using semi-quantitative (wall thickening) and qualitative (wall
motion) techniques in the setting of subtle, reversible myocardial
dysfunction. The results indicate that, while not strong, many of
the correlations were significant and similar trends were seen
with the two techniques. Further, both techniques have compa-
rable reproducibility in the one animal in which repeat analysis
was performed, with modest repeatability and significant corre-
lation found with either technique. Correlation results suggest
that matching of the qualitative and quantitative wall function
analysis is better when function is reduced, where the strongest

correlation was seen in the RAR tissue at one week post-stenosis.
Our group has previously shown that function is significantly
lower at 1 to 2 weeks post-surgery in this canine model (18). The
correlation results between perfusion reserve ratio and wall mo-
tion or wall thickening may suggest that the qualitative technique
is a more sensitive measure of these subtle changes in regional
function caused by a transient decrease in regional perfusion
reserve. Therefore, qualitative analysis may have increased sen-
sitivity in the setting of evolving myocardial hibernation sec-
ondary to repetitive stunning in the setting of coronary artery
disease (24).

However, our results are at variance with other studies, which
have demonstrated increased sensitivity for wall thickening mea-
surements in comparison to wall motion, both with echocardio-
graphy and MRI in canine models of myocardial infarction (25,
26). It should be noted that the measurement of wall motion
and wall thickening are similar but slightly different parame-
ters. The qualitative assessment of wall motion, i.e., the endo-
cardial movement, is influenced by, but not precisely the same
as, the degree of thickening between endocardial and epicardial
edges during systole. Regional endocardial motion may be in-
fluenced by the contraction of adjacent myocardial segments,
and, therefore, has the potential to be less sensitive, as a truly
dysfunctional segment may be assessed as normal. However,
there may be factors within a two-dimensional slice, (transla-
tional and rotational motion) which may affect the accuracy of
any quantitative wall thickening measurement, particularly with
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a fixed centroid method (25); a non-fixed centroid method was
used in this study.

The inter-examiner variability between the left ventricular
EF values suggests very minimal variability between users ex-
ists for determining EF from the ARGUS software program
and, hence, indicate that the reproducibility of EF values with
the quantitative approach are independent of examiner. How-
ever, the determination of inter-examiner variability or corre-
lation for wall thickening (or wall motion) cannot be inferred
from this EF correlation, since the procedures for defining con-
tours around the epicardial border and placing the reference
sector were not undertaken when determining EF. The result
does suggest, however, that the differences noted between the
repeated wall thickening analysis were due to the placement of
the epicardial contour and not the endocardial contour. Given the
enhanced contrast between the blood pool and the endocardial
border compared to the epicardial border and surrounding tis-
sues (27), this result is not surprising. Other research has shown
the inter-examiner variability of qualitative and quantitative LV
contractility analysis by cine MRI to be comparable (2). The
quantitative technique has been shown to offer substantial ad-
vantages in MRI studies performed for the detection of coronary
artery disease and LV function (11) and Hundley et al. (28) stated
that a limitation to their study was using a qualitative rather than
quantitative assessment of endocardial thickening with MRI.

The qualitative and quantitative techniques were difficult to
compare due to the difference in scales and measurement for
wall motion and wall thickening scores. This was apparent for
the control and dobutamine LV contractility results. Since con-
tractility was not significantly affected in the control animals,
the qualitative results generally reported normal wall motion in
both the RAR and remote tissue. Similarly, due to only a sin-
gle “score” available for hypercontractile tissue when assessed
qualitatively, most of the tissue regions were assigned a score of
7, resulting in restricted data range and the inability to perform
correlation analysis.

The qualitative technique, which, because of convenience,
is primarily used today, required a portion of the analysis time
compared to the quantitative technique. A particular strength of
the qualitative analysis is that it allows subjective examination of
the changes that occur throughout the cardiac cycle and in each
region of interest. For example, assessment of delay in systolic
contraction and diastolic relaxation were parameters also taken
into account when assigning the qualitative score in addition
to the degree of systolic movement. However, the qualitative
method relies heavily on image quality and has a limited range of
numerical wall motion scores in the seven point scoring system,
especially in our canine model of subtle changes in contractility.
Even more restrictive scaling is occasionally used in the clinical
setting, with sometimes a 3 or 4 point scoring system for fewer
regions of the heart (29–31). However, in comparison to the
quantitative technique, reproducibility of results is an issue for
the qualitative assessment of heart wall motion in the setting of
detection of small reversible changes in cardiac function.

Limitations existed in the ARGUS segmentation algorithm
that was used, preventing fully automatic processing causing

lengthy manual editing of all ED and ES image contours. In
addition to contour editing, the identification of the epicardial
border was difficult to visualize because of partial volume effects
and alterations to the location of the reference sector resulted in
slight deviations of percent wall thickening values. Foreseeable
improvements in currently available segmentation algorithms
should make the quantitative analysis technique faster and less
reliant on examiner oversight (32, 33). Improvement in image
quality and thinner slices should also improve wall thickening
results. Williams et al. (9) suggested that, as with any automation
strategy, much of the value of improved image processing soft-
ware comes not from novel capabilities but rather from increased
utility. Therefore, continuous use of the ARGUS semi-automatic
segmentation program would aid the user’s image processing
ability. The quantitative technique would most likely be useful
in assessment of regional myocardial thickening when analysis
time is not a factor and is a step towards examiner-independent
assessment of cardiac function.

CONCLUSIONS

The qualitative and quantitative techniques were significantly
correlated in regions of subtle changes in regional systolic func-
tion, and both techniques had comparable reproducibility. There-
fore, the quantitative technique is anticipated to be as useful
in cardiac function assessment as the qualitative technique, al-
though the qualitative technique may be superior in the detec-
tion of small changes in myocardial wall motion secondary to
reduced perfusion reserve. The quantitative method increases
accessibility to researchers, as opposed to having an experi-
enced observer (cardiologist or radiologist) analyze the images
and may also be used clinically if a cardiologist/radiologist was
not readily available. Future intra- and inter-examiner variability
of both methods would also be an asset to conclusively deter-
mine which technique is more reproducible and sensitive to the
detection of small changes in regional systolic function.

ACKNOWLEDGMENTS

The authors would like to thank Lela Dorrington and
Huafu Kong for animal and experiment assistance, J. Davis
for computer assistance, Siemens Canada for technical sup-
port and Berlex Canada for providing Gd-DTPA (Magnevist
Formulation.)

REFERENCES
1. Sandstede JJ. Assessment of myocardial viability by MR imaging.

Eur. Radiol 2003;13:52–61.
2. Sandstede JJ, Lipke C, Kenn W, Beer M, Pabst T, Hahn D. Cine MR

imaging after myocardial infarction—assessment and follow-up of
regional and global left ventricular function. Int J Card Imaging
1999;15:435–40.

3. Axel L. Biomechanical dynamics of the heart with MRI. Annu Rev
Biomed Eng 2002;4:321–47.

4. Castillo E, Lima JA, Bluemke DA. Regional myocardial function:
advances in MR imaging and analysis. Radiographics 2006;23:
127–40.

738 K. S. Lekx et al.



5. Lawson MA, Johnson LL, Coghlan L, Alami M, Tauxe EL, Reinert
SE, Singleton R, Pohost GM. Correlation of thallium uptake with
left ventricular wall thickness by cine magnetic resonance imaging
in patients with acute and healed myocardial infarcts. Am J Cardiol
1997;80:434–41.

6. Spuentrup E, Schroeder J, Mahnken AH, Schaeffter T, Botnar RM,
Kuhl HP, Hanrath P, Gunther RW, Buecker A. Quantitative assess-
ment of left ventricular function with interactive real-time spiral and
radial MR imaging. Radiology 2003;227:870–6.

7. Weiss CR, Aletras AH, London JF, Taylor JL, Epstein FH,
Wassmuth R, Balaban RS, Arai AE. Stunned, infarcted, and nor-
mal myocardium in dogs: simultaneous differentiation by using
gadolinium-enhanced cine MR imaging with magnetization trans-
fer contrast. Radiology 2003;226:723–30.

8. Waiter GD, McKiddie FI, Redpath TW, Semple SI, Trent RJ. Deter-
mination of normal regional left ventricular function from cine-MR
images using a semi-automated edge detection method. Magn
Reson Imaging 1999;17:99–107.

9. Williams S, Gerber H, Giordano FJ, Peale FV, Bernstein LJ,
Bunting S, Chien KR, Ferrara N, van Bruggen N. Dobutamine
stress cine-MRI of cardiac function in the hearts of adult
cardiomyocyte-specific VEGF knockout mice. J Magn Reson Imag-
ing 2001;14:374–82.

10. Holman ER, Vliegen HW, Van der Geest RJ, Reiber JH, Van
Dijkman PR, Van der Laarse A, de Roos A, van de Wall EE. Quan-
titative analysis of regional left ventricular function after myocardial
infarction in the pig assessed with cine magnetic resonance imag-
ing. Magn Reson Med 1995;34:161–9.

11. Sayad DE, Willett DL, Bridges WH, Chwialkowski M, McColl R,
Payne J, Peshock RM. Noninvasive quantitation of left ventricu-
lar wall thickening using cine magnetic resonance imaging with
myocardial tagging. Am J Cardiol 1995;76:985–9.

12. Sayad DE, Willett DL, Hundley WG, Grayburn PA, Peshock RM.
Dobutamine magnetic resonance imaging with myocardial tagging
quantitatively predicts improvement in regional function after revas-
cularization. Am J Cardiol 1998;82:1149–51.

13. Sebbahi A, Herment A, de Cesare A, Mousseaux E. Multimodality
cardiovascular image segmentation using a deformable contour
model. Comput Med Imaging Graph 1997;21:79–89.

14. Van der Geest RJ, de Roos A, Van der Wall EE, Reiber JH. Quan-
titative analysis of cardiovascular MR images. Int J Card Imaging
1997;13:247–58.

15. Matheijssen NA, Baur LH, Reiber JH, Van der Velde EA, Van
Dijkman PR, Van der Geest RJ, de Roos A, van der Wall EE.
Assessment of left ventricular volume and mass by cine magnetic
resonance imaging in patients with anterior myocardial infarction
intra-observer and inter-observer variability on contour detection.
Int J Card Imaging 1996;12:11–9.

16. Kozerke S, Botnar R, Oyre S, Scheidegger MB, Pedersen EM,
Boesiger P. Automatic vessel segmentation using active contours
in cine phase contrast flow measurements. J Magn Reson Imaging
1999;l10:41–51.

17. Thompson K, Llobet-Arany C, Drangova M, Wisenberg G, Sykes
J, Thompson RT. Comparison of ARGUS and MASS software for
the analysis of left ventricular function. Proceedings of the 10th
Annual Meeting of ISMRM, 2002, Abstract 2439.

18. Lekx KS, Prato FS, Sykes J, Wisenberg G. The Partition Coefficient
of Gd-DTPA Reflects Maintained Tissue Viability in a Canine Model
of Chronic Significant Coronary Stenosis. JCMR 2004;6:33–42.

19. Constantine G, Shan K, Flamm SD, Sivananthan MU. Role of MRI
in clinical cardiology. Lancet 2004;363:2162–71.

20. Matsunari I, Kanayama S, Yoneyama T, Matsundaira M, Nakajima
K, Taki J, Nekolla SG, Tonami N, Hisada K. Electrocardiographic-
gated dual-isotope simultaneous acquisition SPECT using 18F-
FDG and 99mTc-sestamibi to assess myocardial viability and func-
tion in a single study. Eur J Nucl Med Mol Imaging 2005;32:195–
202.

21. Slart RH, Bax JJ, de Jong RM, de Boer J, Lamb HJ, Mook PH,
Willemsen AT, Vaalburg W, van Veldhuisen DJ, Jager PL. Compar-
ison of gated PET with MRI for evaluation of left ventricular function
in patients with coronary artery disease. J Nucl Med 2004;45:176–
82.

22. Tsutsui JM, Xie F, O’Leary EL, Elhendy A, Anderson JR, McGrain
AC, Porter TR. Diagnostic accuracy and prognostic value of dobu-
tamine stress myocardial contrast echocardiography in patients
with suspected acute coronary syndromes. Echocardiography
2005;22:487–95.

23. Pennell DJ, Manzara CC, Underwood SR, Longmore DB. Opti-
mization of magnetic resonance imaging parameters for left ven-
tricular wall motion studies at 0.5 T. Br J Radiol 1998;71:1033–9.

24. Fallavollita JA, Canty JM Jr. Differential 18F-2-deoxyglucose
uptake in viable dysfunctional myocardium with normal rest-
ing perfusion: evidence for chronic stunning in pigs. Circulation
1999;99:2798–805.

25. Azhari H, Sideman S, Weiss JL, Shapiro EP, Weisfeldt ML, Graves
WL, Rogers WJ, Beyar R. Three-dimensional mapping of acute is-
chemic regions using MRI: wall thickening versus motion analysis.
Am J Physiol Heart Circ Physiol 1990;259:H1492–503.

26. Lieberman AN, Weiss JL, Jugdutt BI, Becker LC, Bulkley BH,
Garrison JB, Hutchins GM, Kallman CA, Weisfeldt ML. Two dimen-
sional echocardiography and infarct size: relationship of regional
wall motion and thickening to the extent of myocardial infarction in
the dog. Circulation 1981;5:739–46.

27. Thoma WJ, Lawson MA, Evanochko WT, Pohost GM. Nuclear
Magnetic resonance and myocardial viability. In: Dilsizian V. My-
ocardial viability: a clinical and scientific Treatise. New York: Futura;
2000;pp. 419–36.

28. Hundley WG, Kizilbash AM, Afridi I, Franco F, Peshock RM,
Grayburn PA. Effect of contrast enhancement on transthoracic
echocardiographic assessment of left ventricular regional wall mo-
tion. Am J Cardiol 1999;84:1365–8.

29. Gunning MG, Anagnostopoulos C, Knight CJ, Pepper J, Burman
ED, Davies G, Fox KM, Pennell DJ, Lell PJ, Underwood SR. Com-
parison of 201Tl, 99mTc-tetrofosmin, and dobutamine magnetic res-
onance imaging for identifying hibernating myocardium. Circula-
tion 1998;98:1869–74.

30. Klein C, Nekolla SG, Bengel FM, Momose M, Sammer A, Haas F,
Schnackenburg B, Delius W, Mudra H, Wolfram D, Schwaiger M.
Assessment of myocardial viability with contrast-enhanced mag-
netic resonance imaging. Comparison with positron emission to-
mography. Circulation 2002;105:162–7.

31. Waiter GD, Al-Mohammad A, Norton MY, Redpath TW, Welch A,
Walton S. Regional myocardial wall thickening assessed at rest by
ECG gated 18F-FDG positron emission tomography and by mag-
netic resonance imaging. Heart 2000;84:332–3.

32. Fu JC, Chai JW, Wong STC, Deng JJ, Yeh JY. De-noising of left ven-
tricular myocardial borders in magnetic resonance images. Magn
Reson Imaging 2002;20:649–57.

33. Latson LA, Powell KA, Sturm B, Schvartzman PR, White RD.
Clinical validation of an automated boundary tracking algorithm
on cardiac MR imaging. Int J Cardiovasc Imaging 2001;17:
279–86.

Qualitative vs. Quantitative Regional Myocardial Function Assessment 739


