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Abstract: We investigated the heart structural remodeling in the mdx4cv mouse model of
Duchenne cardiomyopathy using optical polarization tractography. Whole heart tractography
was obtained in freshly dissected hearts from six mdx4cv mice. Six hearts from C57BL/6J
mice were also imaged as the normal control. The mdx4cv hearts were significantly larger
than the control hearts and had significantly higher between—subject variations in myofiber
organization. While both strains showed classic cross-helical fiber organization in the left
ventricle, the rate of the myocardial fiber orientation change across the heart wall was
significantly altered in the right ventricle of the mdx4cv heart.
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OCIS codes: (110.4500) Optical coherence tomography; (110.5405) Polarimetric imaging; (170.3880) Medical and
biological imaging; (260.5430) Polarization.
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1. Introduction

Duchenne cardiomyopathy describes the dilated cardiomyopathy seen in later-stage
Duchenne muscular dystrophy (DMD) patients. It is a leading cause of morbidity and
mortality in DMD patients [1]. The mdx4cv mouse is one of the most commonly used DMD
animal models where the dystrophin expression is blocked by a point mutation [1]. Mdx4cv
mice develop a progressive cardiomyopathy that shares many features with the human disease
[1]. Although mdx4cv mice have been studied extensively, the heart structural remodeling in
this model has not been investigated in detail [2]. The heart is a highly adaptive organ and its
structure may change in response to progressive deterioration of cardiac function. It is known
that the myofibers in a healthy heart are organized in an exquisite and optimized structure [3],
which was often altered in heart diseases as part of the pathological remodeling process [4, 5].
The knowledge of detailed myocardial fiber changes during disease progression is essential
for understanding the intricate structure-function relationship in heart diseases.

The MRI based diffusion-tensor imaging (DTI) technology is the only practically
available tool for imaging myocardial fiber structure in the whole heart [6]. However, in
addition to its high system cost, the limited spatial resolution of DTI makes it extremely
challenging for revealing detailed myocardial fiber structure in the small mouse hearts. A
typical mouse heart has a diameter of ~6 mm with 1~2 mm thick ventricular wall and the
myofiber orientation can change over 100° across the thin ventricular wall [6, 7]. Abrupt
orientation changes of more than 50° were observed between different epicardial layers [7].
Therefore, a sufficient resolution is important for correctly imaging detailed fiber orientation
changes in the ventricular wall of the heart.

Optical polarization tractography (OPT) is a newly developed method that can image
high-resolution fiber organization in fibrous tissues [8—10]. It was based on the Jones matrix
implementation of the polarization-sensitive optical coherence tomography (PSOCT). OPT
uses Jones calculus to construct the depth resolved optic axis for measuring fiber orientation
with microscopic resolution [11]. In this study, OPT was applied to image the myocardial
fiber structures in freshly excised whole mouse hearts. The results revealed significant
structural remodeling in the mdx4cv mouse model of Duchenne cardiomyopathy.

2. Methods
2.1 OPT system

The OPT method was implemented in a 0.85 pum wavelength spectral-domain Jones matrix
PSOCT system which has been described in detail previously [12, 13]. Briefly, the system
measures pixel-wise Jones matrix of the sample by using incident light with alternating right-
and left-circular polarizations. For each incident polarization, the horizontally and vertically
polarized components of the interference signals were detected using a custom spectrometer
equipped with a 1024-pixel line scan camera running at 50k A-lines/sec. An iterative Jones
calculus based algorithm was applied to extract the depth-resolved optic axis for mapping the
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fiber orientation [13]. The fiber orientation measured is between [-90°, 90°] and represents
the projected orientations within the plane perpendicular to the incident light [8, 14], which is
analog to the “helix” angle measured in DTI [2, 7]. The system has a 12.4 pum lateral
resolution at the focus and a 5.9 um axial resolution in tissue.

2.2 OPT imaging of a whole mouse heart

All animal experiments were approved by the institutional animal care and use committee.
The freshly excised hearts from six 7-mo old male B6Ros.Cg-DMD™**"/J mice (the “mdx”
group) and six age-matched male C57BL/6J mice (the “BL6” group) were imaged using the
OPT system. The procedure to image the whole heart tractography was described in details
previously [8]. Briefly, the heart was mounted on a rotational stage via a 20-gauge needle
passing through the long axis of the heart (between the apex and center of the base). The
needle was fixed on the base of the stage and was aligned with the rotational axis. During
imaging, the stage was rotated continuously over 360° at a speed of 1.25°/s while the light
repeatedly scanned along the long axis of the heart (as the B-scan) using a galvanometer
coupled with a telecentric lens (36 mm focal length). Each B-scan covered 8 mm with 2000
A-scans. A total of 3600 B-scans were acquired at a speed of 12.5 B-scans/s and took 288 s.
The heart diameter was measured using a caliper.

The constructed 3D data set of fiber orientation had 280 x 2000 x 3600 pixels (in A x B %
C scans) and covered a corresponding imaging area of 1.lmm x 8.0mm x 360°. The 2D
“planar” tractography was first built at each en faces plane using Matlab streamline functions
[8]. A 5 x 5 (pixels) median filter was applied to all processed B-scan images to improve
signal-to-noise. The stack of the “planar” 2D tractography was then polar-transformed into
the 3D coordinates from the measured heart diameter and heart surface [8]. The OPT results
were visualized using the 3DSlicer software (www.slicer.org).

3. Results and discussion

Figure 1(a) shows intensity images of a BL6 and an mdx mouse heart. The BL6 heart
appeared in a pear-like shape; whereas the mdx heart was bigger and close to a cylindrical
shape. In all hearts tested, the mdx heart had an average diameter of 6.88 = 0.48mm which
was significantly larger (p = 0.013, Student’s t-test) than the BL6 heart (6.15 + 0.25 mm).

ey

Fig. 1. (a) Intensity images of a BL6 heart (Visualization 1) and an mdx heart
(Visualization 2). (b) The corresponding 3D tractography of the BL6 heart (Visualization 3)
and the mdx heart (Visualization 4), both with the left ventricle (LV) facing front. Also shown
are depth-resolved tractography showing myofibers passing through a 1.5 mm high region of
interest (green plate) across (c¢) the LV (Visualization 5 and Visualization 6) and (d) the right
ventricle (RV) (Visualization 7 and Visualization 8) of the BL10 and mdx hearts, respectively.

Figure 1(b) illustrates the global ventricular tractography of the same two hearts shown in
Fig. 1(a). Since no clear optic axis data was obtained in the atrial and aorta tissues, they were
shown in solid color. The fiber tractography shown in Fig. 1(b) was obtained at the 100 pm
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depth beneath the epicardium. The associated animations revealed the change of the fiber
orientation of the entire heart. Overall, the fiber orientation appeared similar in the left
ventricle (LV) of both the BL6 and mdx hearts, but quite different in the right ventricle (RV).
To examine depth-resolved fiber orientation across the ventricular wall, Figs. 1(c) and 1(d)
showed myocardial fibers that pass through a 1.5 mm high (along the B-scan) region of
interest (ROI) located at the center of the LV and RV, respectively. The associated animations
show the change of myofiber structure from the epicardium to the endocardium.

In both strains, the LV showed the classic “cross-helical” profile [3] (Fig. 1(c)).
“Negatively orientated” fibers at the epicardium transitioned to circumferential at the middle
of the ventricular wall, and became positively oriented toward the endocardium. However, the
mdx heart appeared to have smaller helix angles and a smaller rate of orientation change over
the LV wall than the BL6 heart. The myofibers in the BL6 RV had much less orientation
changes across the heart wall than in the LV. The BL6 heart showed some “vertical” fibers
close to the RV surface at the proximity of the right ventricle vein (RCV) [15]. This was not
observed in the mdx heart. The RV of the mdx heart appeared to have more variations in fiber
organization in the en face plane than the BL6 heart.

We further quantitatively analyzed the depth-resolved fiber organization in the hearts. To
compensate for the variation in heart structure among different hearts, an evaluation
“window” was defined in both the LV and RV based on common structural features including
cardiac veins [15] observed in the intensity images of the mouse hearts (Fig. 2(a)). The
vertical yellow dashed line was first drawn along the B-scan direction from the lowest
boundary of the left atrium. This line ended at the intersection with the left cardiac vein
(LCV) [15]. The middle point of this line was then identified as the center of the LV window
(“Lc” in Fig. 2(a)). In addition, the white dashed line was drawn across the Lc along the C-
scan direction. The intersection of this line with the RCV was selected as the center of the RV
window (“Re¢” in Fig. 2(a)). The two evaluation windows were then created by extending
from their corresponding centers to reach a size of 2.8 mm x 70° (700 x 700 pixels, B x C) as
illustrated as the blue boxes in Fig. 2(a). These windows were manually determined in all
hearts and their coordinates were recorded for subsequent calculations.
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Fig. 2. (a) An illustration of the “window” in LV and RV (blue boxes) for quantitative
analysis. LCV: left cardiac vein; RCV: right cardiac vein [15]. Also shown are example depth
profiles of myocardial fiber orientation calculated at ROIs in the (b) LV and (c) RV as labeled
in red boxes in (a). These sample data were obtained from the same hearts shown in Fig. 1.

Figures 2(b) and 2(c) show depth profiles of the fiber orientation at representative region-
of-interests (ROIs) inside the LV and RV, respectively. The ROIs were marked as red boxes
on the white dashed line in Fig. 2(a). The ROI size was 0.1 mm x 2.5° (25 x 25 pixels in B x
C). The fiber orientation values were obtained using circular averaging within the ROI [10].
Consistent with the global tractography in Fig. 1, the depth-profiles of the fiber orientation in
the LV showed the “cross-helical” transition from negative to positive orientation in both the
BL6 and mdx hearts. An “inversed” transition (from positive to negative orientations) was
observed in the BL6 heart within 100 pm from the epicardium; but this was not clear in the
mdx heart (Fig. 2(b)). Such an inverse trend was also observed in our previous studies [11]
and reported in a recent high resolution (9.4-T) DTI study of the larger ovine heart [16]. This
was not reported in DTI studies of healthy mouse hearts [6], likely due to insufficient
resolution. The fiber orientation of the BL6 RV was slightly positive with small changes
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across the ventricular wall. However, the mdx heart showed a significant “negative” trend of
orientation changes over the depth.

Linear fitting was applied to calculate the “slope” of the orientation change between 0.1
and 0.7 mm in depth. Orientation data within the 0.1 mm from the heart surface were
excluded in the fitting to avoid the “inverse” trend shown in Fig. 2(b). The fitted slopes were
124.9°/mm (R* = 0.91 and root-mean-square-error (RMSE) = 7.0°) in the BL6 LV and
86.8°/mm (R” = 0.81 and RMSE = 7.4°) in the mdx LV. For the RV curves (Fig. 2(c)), the
obtained slopes were 49.5°/mm (R* = 0.61 and RMSE = 6.8°) in the BL6 heart and
—56.5°/mm (R* = 0.70 and RMSE = 6.5°) in the mdx heart.

The “slope” of the fiber orientation change with depth was calculated for all the ROIs of
the same size (0.1 mm X 2.5°) within the entire LV and RV evaluation windows. In other
words, the depth profiles similar to those shown in Figs. 2(b) and 2(c) were constructed and
linearly fitted for a total of 28 x 28 = 784 ROIs inside the evaluation window. The slope
values can be color-coded for visualization (Fig. 3(a)). The image width of the mdx heart was
wider along the C-scan direction because the mdx heart had a bigger diameter. More than
92.9% of the LV regions in both hearts had fitting R>>0.6 or RMSE<10°. The slopes were
relatively homogeneous in the LV of both the mdx and BL6 hearts; but the values were
overall smaller in the mdx heart than the BL6 heart. The depth profiles in the RV showed
more location-dependent variations in both hearts. However, the variations in the mdx heart
were bigger. Only 68.8% of the mdx RV and 84.9% of the BL6 RV had fitting R*>0.6 or
RMSE<10°. Poorer linear fitting in the RV was also reported in previous DTI studies [5]. The
fitting in the RV was also affected by the presence of the RCV as more abrupt orientation
changes were observed at the proximity of the RCV.
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Fig. 3. (a) Examples of color-coded “slopes” of fiber orientation change with depth in the LV
and RV of the same hearts shown in Fig. 2. (b) Distributions of the fiber orientation slopes
obtained in all six BL6 hearts and six mdx hearts within the same LV and RV evaluation
windows as defined in Fig. 2(a). BL6#1 and mdx#6 were the mice used in (a).

Figure 3(b) shows the distributions of the orientation slopes obtained in all experimental
animals. The regions with fitting R*<0.6 and RMSE>10° were not used in the calculation.
Overall, the linear fitting in the mdx heart had R* = 0.81 = 0.05 and RMSE = 8.19° + 1.54° in
the LV, and R? = 0.64 + 0.10 and RMSE = 8.99° + 1.28° in the RV. These fitting performance
was similar to those of the BL6 heart: R* = 0.82 + 0.03 and RMSE = 8.25° + 0.47° in the LV,
and R* = 0.68 + 0.08 and RMSE = 8.51° + 1.91° in the RV. The distributions in the BL6 LV
were highly consistent and the rate of orientation change was 100 ~110°/mm at the peak
position of the distribution. The distribution in the mdx LV varied among six mice with three
hearts showing similar distributions as that of the BL6 heart; whereas the other three had
broader distributions and a shift toward smaller slope values. Although the distributions in the
RV were generally broader than that in the LV, the BL6 hearts still showed quite consistent
distributions with positive slope values in more than 96.2% of the RV regions. However, all
mdx RV curves showed much broader distributions with 38.8% of the mdx RV had negative
slope values (—38.3 + 34.0°/mm in average).
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Figure 4 shows the group comparison of the mean slope of the orientation change over
depth obtained in all hearts. All the hearts showed “positive” slopes in the LV. The mdx
group had smaller slope values (86.4°/mm + 20.4°/mm) than the BL6 group (104.4°/mm +
7.0°/mm) in the LV; but the difference did not reach statistical significance (p = 0.085,
Student’s t-test). However, the Levene’s test indicated that the mdx group had a bigger
variance in the slope data of the LV (p = 0.018). The group difference was more drastic in the
RV where the variance was similar in both groups (p = 0.075, Levene’s test). The group
average of the slope was significantly smaller (p = 0.004, Student’s t-test) in the mdx RV
(20.3 £28.4°/mm) than in the BL6 RV (67.9 £+ 12.6°/mm).
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Fig. 4. A group comparison of the average rate of fiber orientation change with depth in the
LV and RV of the six BL6 mice and six mdx mice. * p<0.01.

The severe structural remodeling observed in the RV of the 7-month-old mdx mouse is
most likely caused by the diaphragm degeneration related pulmonary dysfunction [17, 18].
Deterioration of the respiratory function increases pulmonary vascular resistance which then
leads to increased RV stress [17]. This process eventually results in tissue damage in the RV
[17, 18]. The global heart structural remodeling can be a direct consequence of the myofiber
damage in the RV. The large between-animal variations of the fiber organization observed in
the LV of the mdx model may be indications of different disease progression in individual
mice. More systematic studies are warranted to clarify the pathological process leading from
local cardiac muscle damage to changes in the global heart structure.

The ~1.0 mm imaging depth achieved in this study was mainly limited by the 0.85 pum
light source. The ventricular wall thickness of the 7-mo mouse heart is ~1.0 mm [19] and the
RV wall is thinner than the LV wall. The 1.0 mm depth may not be sufficient to image
through the entire LV wall. The imaging depth in heart can be improved by using a longer
wavelength (e.g. 1.3 pm). The mdx hearts have similar ventricular wall thicknesses as the
controls before 9-month of age [19]. Therefore the significantly different slope in fiber
orientation changes over the depth cannot be caused by any differences in the wall thickness.
It is important to note that this study only measured the helix angle of the 3D myocardial fiber
located within the plane perpendicular to the incident light [2, 8]. Therefore, any orientation
changes in planes that are parallel to the incident light were not detected. Imaging the true 3D
fiber orientation is necessary to fully characterize the fiber structure changes, which can be
realized using a variable-incident angle implementation of the OPT [14].

5. Conclusions

The OPT technology was applied to investigate the structural remodeling in the hearts of the
mdx4cv mouse model of the Duchenne cardiomyopathy. OPT revealed significantly altered
myocardial fiber organization in the hearts of 7-mo old mdx4cv mice in particular in the RV.
This study demonstrated the potential of OPT as a useful imaging technique for studying
high-resolution heart structural remodeling in small animal models of heart diseases.
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