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Abstract

We report on the use of centerline analysis of cardiac-gated magnetic resonance images to measure
wall motion abnormalities in mice infected with Trypanosoma cruzi. To our knowledge, this is the
first report of segmental wall motion abnormalities in an animal model of Chagas’ disease. Chagas’
disease patients with severe cardiac involvement exhibit mild hypokinesis in an extensive region of
the left ventricle and dyskinesis in the apical region. We observed dyskinetic segments in a similar
region of the hearts of infected wild-type mice. Dyskinesis was not observed in infected mice lacking
macrophage inflammatory protein-1a, a chemokine that may play an important role in the cardiac
remodeling that is normally observed in mouse models of Chagas’ disease and in human patients.
This study aimed to demonstrate the utility of cardiac-gated magnetic resonance imaging and
centerline analysis as a straightforward method for monitoring regional left ventricular wall motion
in transgenic and/or diseased mice.
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1. Introduction

Magnetic resonance imaging (MRI) has become the gold standard for assessing human cardiac
anatomy and function. In the murine, cardiac imaging conditions are more challenging due to
the small size and rapid rate of the mouse heart; nevertheless, techniques such as FLASH and
spin-echo imaging have been shown to be very useful. Many novel mouse models of
cardiovascular disease exhibit myocardial dysfunction at the cellular and tissue levels—in
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particular, mouse models of Chagas’ disease and myocardial infarction may exhibit regional
wall motion abnormalities; therefore, methods that can evaluate regional function in mouse
models are very important. Anatomical MRI, echocardiography and ECG are valuable for
assessing global myocardial function but may not detect regional abnormalities; tagged cine-
MRI can be used to evaluate regional function and has been applied to noninvasively measure
left ventricular (LV) torsion in mice [1]. The contraction of the helical ventricular fibers results
in a twisting motion of the left ventricle about its axis and has been shown to be equivalent in
humans and mice [1].In humans, segmental analysis of echocardiography-derived color kinesis
images has been correlated with angiography results and was demonstrated to be more
sensitive, specific and accurate than the subjective reading of conventional echocardiograms
for the assessment of regional LV and RV function. This method is a promising, simple and
fast technique for assessing myocardial risk in humans [2,3]. Significant progress has been
made in the study of mouse LV morphology and function using echocardiography and MRI
despite technical challenges. Echocardiographic evaluation of mouse ventricular function and
chamber volumes after induction of myocardial infarction has been applied in combination
with visual wall motion analysis and has been shown to be useful for assessing both chronic
and acute responses to ischemia in a variety of mouse models [4]. While echocardiography is
valuable for assessing global function in mice, MRI can provide three-dimensional views of
the heart that facilitate evaluation of regional function and segmental wall motion
abnormalities.

Centerline analysis has been previously applied in cardiac imaging studies on LV wall
thickness in humans and animals [5-10]. We recently developed a robust algorithm for
centerline analysis of MR images and applied the method to measure right ventricular (RV)
wall thickness in mice [11]. In the present report, we applied centerline analysis of diastolic
and systolic MR images of the long axis of the heart to study regional wall motion in mice that
were infected with Trypanosoma cruzi. Infection with the protozoan parasite T. cruzi causes
Chagas’ disease, a disease that affects nearly 20 million people in Central and South America
and results in approximately 50,000 deaths each year [12]. Chagas’ disease is first manifested
by a short acute phase characterized by the presence of parasites in the bloodstream. This is
followed by a lifelong chronic phase characterized by scarce parasitemia. Many infected
individuals remain free of symptoms, but 10—30% of patients will ultimately develop defined
clinical syndromes, including chronic myocarditis, cardiomegaly, congestive heart failure,
arrhythmias and destruction of skeletal muscles and/or the digestive tract. Mice infected with
T. cruzi develop progressive chronic cardiomyopathy similar to that observed in humans
[13-16].

CCL3/macrophage inflammatory protein-1a (MIP-1a)is a chemokine whose receptor has been
implicated in the pathogenesis of chagasic heart disease [17] and is essential for the host to
deal with acute infection [18,19]. It was also shown that pharmacological blockade of the
chemokine receptor, CCR5, prevents chronic inflammation in T. cruzi-infected mice [20].
These studies suggest that the absence of chemokines such as MIP-1a may prevent
inflammation during acute and chronic experimental T. cruzi infections and thus limit the
cardiac remodeling that is typically observed in infected mice [13-16].

We report on regional wall motion abnormalities in mice infected with T. cruzi and demonstrate
the feasibility of using MRI and a centerline approach to evaluate regional wall motion in
mouse models of human disease.
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2. Materials and methods

2.1. Animals

2.2. MRI

Male MIP-1a null and C57BL/6x129sv control mice (Jackson Laboratory, Bar Harbor, ME,
USA) were housed in our institution. Mice were infected intraperitoneally with 5x10%
trypomastigotes of the Brazil strain of T. cruzi. Parasitemia was determined by counting
parasites in a hemocytometer chamber and was not significantly different between infected
groups. All animal protocols were approved by our institutional animal care and use committee.

At 120 days postinfection, mice were injected intraperitoneally with ketamine (37.5—75 mg/
kg) and xylazine (7—14 mg/kg) anesthesia. Once mice were anesthetized, ECG cables (Gould
Instruments, OH, USA) with thin silver wire contacts were attached under the skin to the four
limbs. ECG SNR was improved by maximizing skin contact with the wire and by using a thin
Teflon sheet that covers the mice and minimizes contact of the ECG leads with the RF coil. A
NESLAB gradient water cooling system, set to maintain the temperature inside the coil at 30
°C, was used to prevent hypothermia. Acquisition of several multislice imaging data sets at
different time points of the cardiac cycle during a 30- to 45-min period of anesthesia was
possible under these conditions. Cardiac-gated MRI was performed as described in previous
work [11,13-15]. A GE Omega 9.4-T vertical bore MR system (Fremont, CA, USA) with a
gradient strength of 75 G/cm provided by an S50 shielded gradient microimaging accessory
and a homebuilt 35-mme-inner diameter linear cosine litz coil constructed specifically for mice
[11,21] were used for the MRI experiments. Cosine coils of this kind require few capacitors
for frequency tuning, are easy to construct and can achieve high-field homogeneity [22].
Importing the litz coil design permits current to flow more equally through each leg of the coil
[23]. Diastolic and systolic images were acquired by adjusting the spectrometer gating delay
according to the heart rate determined from the ECG. An echo time of 18 ms and a repetition
time of approximately 100—200 ms were the parameters used in several multislice spin-echo
scout imaging data sets of the short axis of the heart. We positioned the long-axis images to
approximate the right anterior oblique projections used in human ventriculogram studies as
shown in the work of Sheehan et al. [7] and in Fig. 1. A 40-mm field of view (FOV) was used
for short-axis images and a 60-mm FOV was used for long-axis images, with a 128%256 matrix
size (interpolated to 256x%256) in both cases. A series of images of the heart were acquired at
various time points in the cardiac cycle by stepping through the RR interval in 20-mm
increments. The end-diastolic data set (exhibiting the largest LV inner chamber diameter) and
end-systolic data set (exhibiting the smallest LV inner chamber diameter) were selected for
analysis. MATLAB-based custom-designed software was used for analysis of MRI data. Long-
axis images of the heart were registered using anatomical landmarks (mitral valve).

2.3. Centerline analysis of regional wall motion

The centerline method has been improved and applied to regional LV function analysis
[5-10,24,25]. As previously reported, we developed a robust algorithm for centerline analysis
and applied it to study mouse heart wall thickness [11,26]. The centerline is the curve midway
between two contours on heart images. The length distribution of the chords that are
perpendicular to the centerline and that start at one contour and end at the other contour
quantifies the local distance between two contours. The Fourier descriptor [27] is applied to
express the borders and centerline. The curves and chords are parameterized using Fourier
series. In our previous study, we applied this approach using the open-border method to
measure the mouse heart RV wall thickness [11,25]. Here, we used this method for
measurement of regional wall motion in mice infected with T. cruzi. In this study, using end-
systolic and end-diastolic images of the heart, the distance between the two contours is
interpreted as regional wall motion. After the centerline of the end-systolic and end-diastolic
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LV walls was calculated, the wall motion was plotted as a function of region (see Fig. 1).
Regional wall motion was evaluated in a distribution of 100 chords along the ventricular walls.
A more detailed description of the steps and all operations applied in our algorithm can be
found in a recent article from our group [11].

2.4. Statistics

3. Results

All results were analyzed using a one-sided unpaired t test. A P value of <.05 was deemed
significant.

Three uninfected MIP-1a null mice, four uninfected C57BL/6x129sv mice, three infected
MIP-1o null mice and three infected C57BL/6x129sv mice were examined by MRI. Several
multislice scout data sets consisting of four to eight images of the short axis of the heart were
acquired and used to determine positioning of the long-axis images of the left ventricle. Short-
axis images of the heart were used to evaluate LV wall thickness and chamber dimensions
during diastole and systole. Representative short-axis diastolic images are shown in Fig. 2.

There was no significant difference in the LV wall thickness or LV chamber dimension between
the four groups of mice (Table 1). Fractional shortening was calculated using the LV inner
diameters determined from the diastole and systole short-axis images of the heart at mid-
ventricle and was not different between groups. Short-axis images were chosen for analysis of
fractional shortening for comparison with previous echocardiography and MRI studies from
our lab. Fractional shortening was 56.7+6.1% in uninfected MIP-1a. null mice, was 58+3.5%
in uninfected C57BL/6x129sv mice, was 59.3+£2.4% in infected MIP-1a null mice and was
57.7+4.3% in infected C57BL/6x129sv mice.

Representative long-axis images of the heart of a mouse during end systole and end diastole
are shown in Fig. 3. Regional wall motion analysis results for one mouse from each group are
shown in Fig. 4 for the area of interest, Chords 25 to 75, which cover the apical and
diaphragmatic regions. Fig. 5 shows the regional analysis results for all the different groups.
As expected, there was no evidence of dyskinesis in the LV wall of the uninfected wild-type
C57BL/6x129sv mice. There was also no region of dyskinesis in any region of the wall of the
MIP-1a null mice whether they were infected with the parasite or not. In contrast, the infected
C57BL/6x129sv mice exhibited dyskinesis in the apical-diaphragmatic region.

4. Discussion

As predicted based on our previous studies [13-16], the RV chamber of infected C57BL/
6x129sv mice exhibited significant dilatation as compared with uninfected C57BL/x6 129sv
mice [see RV inner diameter (RVID) in Table 1]. There was no significant difference in the
RVID between infected and uninfected MIP-1a null mice. This result supports the hypothesis
that the absence of chemokines such as MIP-1a prevents inflammation and limits the cardiac
remodeling that is typically observed in infected mice [13-16]. Although fractional shortening
was not significantly different in the infected C57BL/6x129sv mice, these mice had abnormal
wall motion, primarily in the apical region (as described in more detail below).

MIP-1a is a chemokine expressed in response to T. cruzi infection of macrophages and in vivo
[18,19] and acts on CCR5, a chemokine receptor known to be essential for the ability of the
host to deal with the acute infection [17]. It has been shown that pharmacological blockade of
CCRS5 prevents chronic inflammation in T. cruzi-infected mice [20]. These studies suggest that
the absence of chemokines such as MIP-1a may limit inflammation during acute and chronic
experimental T. cruzi infections and thus reduce the cardiac remodeling that is typically
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observed in infected mice. In fact, histopathological examination of the hearts revealed that
there was inflammation but no fibrosis in MIP-1a null hearts after 4 months of infection.
However, in infected wild-type hearts, there was significant fibrosis.

It is interesting to note that, although fractional shortening was not different, the C57BL/
6x129sv mice infected with T. cruzi exhibited dyskinesis in the apical-diaphragmatic region
of the LV wall. This finding highlights the importance of evaluating regional function as
opposed to relying on methods that report on global function. In a study on 14 patients with
chronic Chagas’ disease accompanied by abnormal wall motion, 10 patients exhibited
dyskinesis, 3 exhibited apical akinesis, 9 exhibited akinesis or hypokinesis of the
posteroinferior wall, 4 exhibited akinesis and 2 exhibited hypokinesis of the posterior septum
[28]. Of the 10 patients with apical wall motion abnormalities, 3 had normal ECGs, again
highlighting the importance of evaluating regional function [28]. In a different study, 85% of
patients with mild ventricular dilation and normal LV function exhibited mild hypokinesis,
while all patients with more severe cardiac disease exhibited abnormally contracting segments
[29].

Since myocardial wall motion abnormalities in chagasic cardiomyopathy tend to be focal and
in the majority of patients localize to the apical or periapical segments [30,31], we decided to
study LV wall motion using long-axis images of the heart. The focal areas of myocardial
dysfunction in Chagas’ disease patients are associated with abnormal myocardial perfusion as
detected by thallium imaging, although they are not associated with epicardial coronary disease
[32]. In Chagas’ disease patients who have minor wall motion abnormalities detected by
echocardiography, estimates of global LV function using short-axis measurements
underestimate the extent of overall dysfunction [33]. One reason for the underestimation of
ventricular dysfunction in Chagas’ cardiomyopathy using short-axis measurements is that the
short-axis view excludes the apex and periapical segments. It is for this reason that we elected
to use the long-axis view for the centerline analysis in our murine model of Chagas’
cardiomyopathy. The long-axis view allows for a direct comparison of regional wall motion
between the apical and basal segments of the heart in a single two-dimensional image.

5. Conclusions

Our previous MRI and echocardiographic studies on wild-type mice infected with T. cruzi
demonstrated evidence of remodeling of the right ventricle and abnormalities in fractional
shortening [14-17,34]; however, this is the first report of LV wall motion abnormalities in a
mouse model of Chagas’ disease.

Application of the centerline method for LV wall motion analysis from MRI data of mice is
easy to implement and provides rapid reproducible results. We previously demonstrated the
utility of the method for RV wall thickness analysis in mice. This approach allows us to analyze
results from studies performed in a high-field vertical bore magnet (9.4 T) with animal models
of infectious disease, such as Chagas’ disease. This method permits a high throughput, which
is important for serial studies in which we have a larger cohort of mice that are diseased and
may not survive the longer preparation and acquisition times required for more sophisticated
tagging experiments.
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Diaphragmatic

Fig. 1.
Schematic diagram showing the distribution of chords along the walls of the left ventricle of
the heart.
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Fig. 2.
Representative short-axis diastolic spin-echo MR images of mice. A: uninfected MIP-1a null;
B: infected MIP-1a null; C: uninfected C57BL/6x129sv; D: infected C57BL/6%129sv.
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Fig. 3.

Representative long-axis systolic and diastolic MR images of mice. Representative long-axis
spin-echo images of the hearts of mice (A and B: uninfected C57BL/6x129sv; C and D: infected
C57BL/6x129sv; E and F: uninfected MIP-1a null; G and H: infected MIP-1a null) at end
diastole (panels on left) and end systole (panels on right) as used for centerline analysis.
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Fig. 4.

Plot of wall motion versus chord number for one representative mouse from each group. For
clarity of presentation, results from one mouse from each group are shown for Chords 2575,
which encompass the apical and diaphragmatic regions.
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Fig. 5.

Normalized wall motion by region. Bar graph (mean+S.E.M.) of normalized wall motion by
heart region for the four groups of mice showing the dyskinesis in the infected wild-type mice
in the apical-diaphragmatic region.
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Table 1
End-diastolic LV and RV inner chamber dimensions and LV wall thickness determined from cardiac-gated short-axis

images of the heart

Mouse strain n LVID (mm) LV wall thickness? RVID (mm)
(mm)

Uninfected MIP-1a null 3 3.21+0.28 1.15+0.13 1.83+0.25
Uninfected C57BL/6x129sv 4 3.94+0.16 1.07+0.09 1.93+0.3
Infected MIP-1a 3 3.45+0.15 1.08+0.09 1.73+0.15
Infected C57BL/6x129sv 3 3.81+0.24 1.12+0.03 2.7010.26b

Data are expressed as mean+S.E.M. LVID indicates LV inner diameter.
aThe average of the septal, anterior, posterior and lateral walls.

RVID was significantly larger in infected C57BL/6x129sv mice as compared with the other groups of mice (P<.05). LVID tended to be smaller in
MIP-1a null mice regardless of infection. LV wall thickness was not different between groups.
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