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Abstract. Porcine hearts (N=14) underwent ez vivo diffusion tensor
imaging (DTI) at 3T. DTT analysis showed regional differences in helix
angle (HA) range. The HA range in the posterior free wall was signif-
icantly greater than that of the anterior free wall (p=0.02), the lateral
free wall (p<0.001) and the septum (p=0.008). The best-fit transmural
HA function also varied by region, with eight regions best described by
an arctan function, seven by an arcsine function, and a single region by
a linear function. Tractography analysis was performed, and the length
that the tracts spanned within the epicardial, midwall, and endocardial
segments was measured. A high number of tracts span the epicardial and
mid-wall thirds, with fewer tracts spanning the mid-wall and endocardial
thirds. Connectivity analysis of the number of tracts connecting different
ventricular regions showed a high prevalence of oblique tracts that may
be critical for long-range connectivity.
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1 Introduction

The structure of the heart is fundamentally connected with its function. While
cardiomyocytes contract only ~14% [8], the ventricular wall achieves ~30-40%
thickening [11]. This wall thickening is facilitated by the structural organization
of the myocardium: cardiomyocytes vary in orientation through the transmural
span of the ventricular wall [15] and are grouped into sheetlet structures that
allow meso-scale shear [5,17,19]. Additionally, cardiomyocytes are both elec-
trochemically and mechanically coupled, and transmit electrical activation and
contractile forces throughout the heart. These electrochemical and mechanical
couplings are supported by the continuously branching syncytium of the my-
ocardium comprised of cardiomyocytes that have a branching structure [18].

* Co-first authors: the first two authors contributed equally.
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Diffusion tensor magnetic resonance imaging (DTI) measures the diffusion
tensor of water within biological tissue. In the myocardium, the primary eigen-
vector (E1) of the diffusion tensor has been shown to correspond to the aggregate
cardiomyocyte long axis orientation (“myofiber” orientation) within a voxel. The
helix angle (HA) measures the aggregate cardiomyocyte orientation and can be
measured using DTI even in live hearts [8]. Diffusion tractography connects
adjacent E1 voxels into tracts to describe long-range connectivity [13]. While
histology provides the ability to measure long-range connectivity along cut sur-
faces [6], three dimensional whole-heart DTI allows measurement of aggregate
cardiomyocyte tracts across the whole heart [14].

Aggregate cardiomyocyte HA is fundamental to the structure-function of
the heart, but there is still no consensus in terms of the best epicardial and
endocardial HA values. Even within a single species (Wistar-Kyoto rat) HA
range has been measured as ~125° (epi = -50°, endo = +75°) using propagation-
based X-ray phase contrast imaging [2] versus ~180° (epi = -90°, endo = +90°)
using DTT [3]. There is a lack of consensus within the literature as to the function
that best represents transmural HA. Studies have shown different transmural HA
functions, including arctan [7], linear [10], and arcsine [15] functions.

In this study we used ex wvivo porcine cardiac DTI to examine HA range,
median HA value, and the best-fit transmural HA function in different ventric-
ular regions, utilizing a relatively large sample size. Additionally we performed
diffusion tractography, and analyzed these tracts to measure the long-range con-
nectivity between different regions of the heart.

2 Materials and Methods

2.1 Image Acquisition

This study utilized healthy swine (N=14) in accordance with institutional ap-
provals (UCLA ARC protocol # 2015-124). Subjects underwent in vivo cardiac
MRI using a clinical 3T scanner (Siemens, Prisma), including bSSFP 2D cine
image acquisitions. After in vivo imaging, the subjects were euthanized and the
hearts explanted. Each heart was washed with saline/water and then placed in
a container filled with Fomblin. Two methods were used to support the ez vivo
hearts in a physiological configuration: six (n=6) hearts were prepared using
rapid-setting dental gel and sponges; eight (n==8) hearts were prepared using 3D
printed molds based on the cine images acquired in vivo and segmented at mid
diastole (diastasis) [1]. Within 2-3 hours from extraction, ex vivo cardiac DTI
was performed at 3T with spatial resolution 1 x 1 x 1mm?, b-value 10005/mm2,
30 diffusion directions, and 5 averages. The 3D imaging volumes encompassed
both the left and right ventricles. The hearts were imaged while fresh, and were
not fixed.

2.2 Image Processing

FEz vivo imaging data was manually segmented by a single observer. Myocardial
segmentation was performed using the DTT images, with the papillary muscles
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Fig. 1. Regional helix angle range and median mid-wall helix angle: Helix
angle (HA) range is shown across regions of the heart (A) as well as its standard
deviation (B). Also shown is the median mid-wall HA (C) and the standard deviation
of mid-wall HA across all hearts (D). A 3D visualization shows the orientation of tracts
within different left and right ventricular regions (E). For reference, the American Heart
Association 17-segment bullseye model is also shown (F).
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excluded. The cardiac long-axis was defined as the axis extending through the
apex of the heart and the middle of the mitral valve. A short axis plane was
defined as any plane perpendicular to this long-axis. These definitions allowed
consistent prescription of short-axis planes to produce consistent HA measure-
ments. HA was calculated as the angle between the projection of E1 onto the
epicardial surface and the circumferential direction.

The LV was divided into 17 segments according to the American Heart Asso-
ciation (AHA) 17-segment model. The RV was divided into 4 segments: anterior
base, posterior base, anterior apex, and posterior apex. For each segment of each
heart, three different transmural HA functions were fit to the DTT data: (i) lin-
ear; (ii) arcsine; and (iii) arctan. For each region of each heart, the best-fit HA
function was selected as the one with the highest coefficient of determination
(R?). Then the generalized regional best-fit HA function was determined as the
mode best-fit function for that region over all of the hearts.

2.3 Tractography Analysis

Tractography was applied to E1 data using BrainSuite (Los Angeles, CA, USA) [12].
Tracts were seeded in each voxel and a step size of 1 mm was used with an an-
gle threshold of 30°. Tracts were terminated after 500 steps. For each tract, we
quantified its longitudinal (1), circumferential (¢), and radial (r) spans. We also
defined the transmural trajectory (endo r = —1 and epi 7 = 1) of a tract as the
length within the endocardial (r € [—1,—1/3]), mid-wall (r € [-1/3,1/3]), and
epicardial (r € [1/3,1]) transmural thirds.

Connectivity analysis was performed within BrainSuite. Tracts with length
greater than 100mm were included for analysis. The connectivity (Cap) between
two segments (S4, Sp) was computed as the average of two tract counts: (i) the
tracts starting in S and ending in Sp; and (ii) the tracts starting in Sp and
ending in S4. This averaging ensured that Cyp = Cp4.

2.4 Statistical Analysis

The distributions of HA ranges and mid-wall HAs were non-Gaussian. We there-
fore used the median as the measure of central tendency. For two-group com-
parisons, we used a Wilcoxon signed-rank test with a least significant difference
approach to correct for multiple testing. For multiple group comparisons we used
a Kruskal-Wallis test.

3 Results

HA range varied across different regions of the heart (Fig. 1A). In the LV, the
anterior regions tended to have a lower HA range than the posterior regions. The
largest HA range was measured in the posterior free wall; this HA range was
significantly larger than the HA range in the anterior free wall (p=0.02), lateral
free wall (p<0.001), and the septum (p=0.008). The RV anterior free wall had
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Fig. 2. Best-fit transmural helix angle function (top): For each left ventricular
region, the best-fit transmural helix angle function is shown as an arctan function
(green), an arcsine function (blue), or a linear function (red). Fits for individual hearts
are shown in grey. Connectivity analysis (bottom): For each segment, the degree
of connectivity is shown between the target region (white, numbered) and each other
region. The three regions with the highest connectivity with the target region are
indicated with ‘#+’.
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Fig. 3. Transmural analysis of the tractography data: Tracts were grouped ac-
cording to their length span within each of the transmural endocardial, midwall, and
epicardial thirds. Data is visualized using a barycentric coordinate system where the
left, top, and right corners represent tracts spending the majority of their length in
the epicardial, midwall, and endocardial thirds. An example heart is shown (top), with
data on the barycentric graph corresponding with tract visualizations. The transmural
spans are shown for all (N=14) hearts (bottom).
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a significantly lower HA range than the RV posterior free wall (p=0.03). The
standard deviation of HA range was not significantly different between segments
(Fig. 1B). The median mid-wall HA was = 0° for half of the LV regions (Fig. 1C).

The best-fit transmural HA function (Fig. 2) showed approximately an even
split between regions best represented by an arctan function (n=8) versus an
arcsine function (n=7). Only the mid anterior segment was best represented
by a linear function. The lateral regions favored an arcsine function, while the
septal regions tended to favor an arctan function.

Figure 2 shows the connectivity across the 21 segments of the LV and RV.
Segments typically share the greatest degree of connectivity with their adjacent
segments within their short-axis plane. Unexpectedly, there is a trend of con-
nectivity between basal anterior and posterior midwall segments, indicative of
long-range oblique connections spanning at least half of the LV circumference.

Tracts were subsequently grouped according to the proportion of their length
within the epicardial, mid-wall, and endocardial transmural thirds of the LV
wall. A barycentric coordinate system based on the length proportions in the
transmural LV segments was used to visualize these results (Fig. 3). In this
reference system, tracts in the center of the triangle have equal length spans in
the epicardial, mid-wall, and endocardial thirds of the LV wall. In addition to
the position within the barycentric coordinate system, the circle size of the data
points is proportional to the size of the tract population with given length spans.
All subjects show a dense cluster on the left-hand side of the triangle, indicating
a large number of tracts spanning the epicardial third and the midwall third.
There is almost a complete absence of tracts that lie exclusively in the midwall
(clusters at the top of the triangle). There is also a relatively low number of
tracts that run only in the midwall and endocardial (right corner) thirds.

4 Discussion

In this study we present a regional comparison of transmural HA range, median,
and best-fit HA function to better understand regional differences in aggregate
cardiomyocyte orientation. Also, to our knowledge, this study is the first using
tractography to demonstrate the long-range connectivity of ventricular segments.

Computational modeling studies of the heart require the definition of HA in
all areas of the myocardium. Typically, the same HA profile is applied throughout
the LV, for instance varying from —60° at epicardium to +70° at endocardium
with a linear transmural interpolation [4]. However, our results indicate that the
transmural HA variation is likely better represented with an arcsine or arctan
interpolation, as opposed to a linear function. Additionally, there are significant
differences in HA ranges across different regions of the heart. We suggest that re-
searchers performing computational modeling studies implement region-specific
HA range and transmural HA function.

An accurate knowledge of the functional form of HA transmural variation
has important consequences. Transmural HA affects the regional mechanics of
cardiac contraction and therefore the ventricles” kinematics at the regional and
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global levels. Furthermore, aggregate cardiomyocyte orientation is related to
the fastest direction of electrical conduction in cardiac tissue and therefore HA
transmural variation directly affects cardiac electrophysiology. Different studies
have shown different transmural HA functions, including arctan (7], linear [10]
and arcsine [15] functions, and there is a lack of agreement within the literature
regarding which transmural HA function is most appropriate. To our knowledge
this is the first study to identify regional differences in best-fit transmural helix
angle function.

The high degree of connectivity between adjacent regions within the same
short-axis plane was expected. However, the high number of oblique tracts con-
necting anterior and posterior regions at different longitudinal locations was an
unexpected finding. The transmural tract data shows a predominance of tracts
within the epicardium and midwall; it is likely that the tracts connecting the
anterior and posterior regions have length spans primarily in these transmural
regions. The high degree of connectivity would allow for increased redundancy in
both electrochemical and mechanical coupling, which indicates the importance
of connections between these regions. Additionally, oblique tracts may play a key
role in generating ventricular torsion, and this result is consistent with cardiac
structure facilitating ventricular torsion.

We propose two reasons for the low presence of endocardial tracts relative to
epicardial tracts. Firstly, there is a geometric effect — the epicardial region has
a greater radius — leading to a greater three dimensional volume, and therefore
a greater potential to contain tracts. This factor should increase the propor-
tion of epicardial tracts relative to endocardial tracts (circle size in Fig. 3), but
not their absence from the endocardial region. Secondly, there are organiza-
tional differences between the epicardium and endocardium. Compared with the
well-defined, relatively smooth epicardial surface, the endocardium contains tra-
beculae and papillary muscles that complicate the mesostructural organization
of endocardium. This may lead to tracts that terminate at less than 100mm,
which would lead to the absence of data (lack of circles in Fig. 3).

Limitations. As the hearts were imaged ez vivo, their MRI properties may
have changed slightly as compared to in vivo imaging. However, we do not expect
the cardiomyocyte orientations to have changed, and so this should have minimal
effect on the reconstructed diffusion tensor. In terms of segmentation of the
myocardium, only a single researcher performed the segmentation leading to
the possibility of observer bias. However, the single observer is experienced in
this type of segmentation. One limitation of DTT is that estimates of E1 have
greater uncertainty within regions that are relatively isotropic. Future work could
explore this limitation further. Additionally, by imaging the hearts ex vivo we
are only able to estimate aggregate cardiomyocyte orientation in a single cardiac
phase. Work from our group has shown that HA range changes through the
cardiac cycle [9]. With regards to tractography analysis of cardiac diffusion tensor
data, we did not perform additional validation in this study. However, it has been
previously shown that tractography of ex vivo cardiac diffusion tensor data aligns
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with tractography from high resolution synchrotron radiation imaging, and that
both display the expected helix angle measurements [16].

5 Conclusion

DTT analysis of ex vivo porcine hearts showed regional differences of both HA
range and best-fit transmural HA function. Novel connectivity analysis of diffu-
sion tractography data revealed a high degree of long-range connectivity between
oblique regions.
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