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Abstract

The myoarchitecture of the ventricular wall provides a structural template dictating tissue-scale 

patterns of mechanical function. We studied whether myofiber tract imaging performed with MR 

diffusion spectrum imaging (DSI) tractography has the capacity to resolve abnormalities of 

ventricular myoarchitecture in a model of congenital hypertrophic cardiomyopathy (HCM) 

associated with the ablation of myosin binding protein-C (MyBP-C). Homozygous MyBP-C 

knockout mice were generated by deletion of exons 3–10 from the endogenous MyBP-C gene. 

Fiber alignment in the left ventricular wall of wild type mice was depicted through DSI 

tractography (and confirmed by multi-slice two-photon microscopy) as a set of helical structures 

whose angles display a continuous transition from negative in the subepicardium to positive in the 

subendocardium. In contrast, the hearts obtained from the MyBP-C knockouts displayed 

substantial myoarchitectural disarray, characterized by a loss of voxel-to-voxel orientational 

coherence for fibers principally located in the mid-myocardium-subendocardium and impairment 

of the transmural progression of helix angles. These results substantiate the use of DSI 

tractography in determining myoarchitectural disarray in models of cardiomyopathy and suggest a 

biological association between myofilament expression, cardiac fiber alignment, and torsional 

rotation in the setting of congenital HCM.
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INTRODUCTION

There has long been interest in the use of structural imaging to distinguish normal and 

pathological cardiac myoarchitecture. Streeter et al.33 and others,12,38 determined that the 

organization of the highly anisotropic myocardial fibers may be conceived as crossing 

helical structures, whose crossing angles vary as a function of transmural depth within the 

ventricular wall. From these findings emerged the hypothesis that the myocardium consists 

of a series of nested fiber shells6,32 configured as 2D sheets bounded by collagen19 or as a 

continuous muscular band,35 and that contraction of these structures during systole results in 

a characteristic twisting motion.15,25 Similar myoarchitectural patterns have been identified 

employing diffusion-weighted MR techniques in rat27 and mouse34 hearts. While it is 

recognized that myoarchitectural imaging provides a valid “blueprint” for local mechanics, it 

is not known if such techniques have the capacity to discern pathological myoarchitecture in 

the setting of cardiomyopathy.

To address this question, we studied the ability of a highly resolved diffusion-weighted MR 

method, diffusion spectrum imaging (DSI) with tractography, to portray patterns of 

myoarchitectural disorder in a mouse model of congenital hypertrophic cardiomyopathy 

(HCM). Human congenital HCM is believed to be due to mutations in one of several 

myofilament proteins, including myosin binding protein-C (MyBP-C).8,13 MyBP-C 

regulates the interaction between myosin and actin principally through the phosphorylation 

of phosphokinase A (PKA),3,31,40,42 whereas the binding of unphosphorylated MyBP-C to 

myosin reduces the probability of myosin binding to actin. It has been postulated that the 

principal mechanism of cardiac pump failure following MyBP-C ablation is the alteration of 

actin–myosin binding and impaired cross bridge formation,5 yet the precise mechanisms 

linking MyBP-C expression, cardiac myoarchitecture, and cardiac mechanics remain 

uncertain. Diffusion spectrum imaging (DSI) is a novel MR imaging methodology that 

determines the alignment of complex fiber populations by deriving the complete 3D proton 

spin displacement function.10,20,40 Myofiber orientation can, in turn, be represented as a 

multi-voxel “tract” based on the similarity of fiber alignment existing between adjacent 

voxels.1,9,11 Myoarchitectural disarray derived from DSI tractography may provide a 

structural template dictating patterns of impaired mechanics and so imply a quantifiable, 

biological connection between myofilament expression and cardiac pump function.

METHODS

Generation of Knockout Mouse Preparation Exhibiting Gene Deletion of MyBP-C

Homozygous MyBP-C null mice were generated by deleting exons 3–10 from the 

endogenous MyBP-C gene.13 The resulting targeting vector was electroporated into 129/Sv 

ES cell lines and the targeted clones used to generate chimeric founder mice. Reverse 

transcription PCR, performed in 3′ regions of MyBP-C cDNA, confirmed the absence of 

MyBP-C RNA expression in MyBP-C−/− mice. The 345-bp product from exons 3 to 10 in 

wild type and heterozygous cDNA was not detected in homozygous MyBP-C−/− cDNA. 

Western blot analyses, using a polyclonal antibody against rat MyBP-C, confirmed the 

absence of MyBP-C in homozygous mouse hearts. Three-week-old MyBP-C−/− mice 

displayed cardiac hypertrophy, but survived through senescence and were fertile. No 
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compensatory expression of skeletal MyBP-C isoforms was observed. Adult mice (8–36 

weeks old) were anesthetized with isoflurane, after which their hearts were excised and fixed 

in buffered neutral 10% formalin. All surgical procedures performed in mice were approved 

by the Caritas St. Elizabeth’s Medical Center Institutional Animal Care and Use Committee 

(IACUC).

Diffusion Spectrum Magnetic Resonance Imaging

Diffusion spectrum magnetic resonance imaging (DSI) is based on the imaging of water 

molecules whose displacement is constrained by one or more biological boundary 

conditions.20,10 An inverse Fourier transform of q-space (q-value) produces a probability 

density function (PDF) for diffusing protons in a tissue per voxel:

(1)

where  represents the 3D PDF summed over each proton spin position and 

weighted by the proton density distribution over diffusion time Δ, diffusion distance , and 

q-value . The Bloch–Torrey equations2,36 were previously modified to account for general 

anisotropic diffusion28,29 in order to relate  to signal attenuation  over 

the applied diffusion weighting gradient  and time:

(2)

where γ is the proton gyromagnetic ratio. The resulting PDF may be translated into an 

orientation distribution function (ODF) by radial integration:

(3)

to depict fiber architecture as a function of fiber angle. The ODF is weighted by the 

magnitude ρ and unit vector  of . This data set provides a probability distribution for 

diffusion for a set of directions, regardless of the magnitude of the diffusion, and is further 

normalized by subtracting the smallest magnitude value. The 3D vector directions of 

maximum diffusion at the scale of the voxel are provided as a function of the local maxima 

in the ODF. Imaging was performed using DSI tractography at 9.4T with a horizontal bore 

magnet (Magnex Scientific) equipped with a Magnex gradient coil set with capabilities up to 

20 G/cm. The MR imaging protocol employed a diffusion gradient sampling scheme 

consisting of a keyhole Cartesian acquisition to include q-space values lying on a Cartesian 
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grid within a sphere of 515 diffusion-weighted gradient vectors. The hearts were immersed 

in Fomblin oil prior to MR scanning and then imaged with a bmax of 4000. The approximate 

imaging time required to achieve a voxel size of approximately 0.16 mm was 10–12 h.

3D Microscopy Obtained from Multi-Slice Two-Photon Microscopy

In order to demonstrate the microscopic underpinnings of DSI for the indicated mouse 

hearts, multi-slice two photon microscopy (TPM) was employed. Following fixation and 

MR imaging, the specimens (approximately 1 × mm × 1 mm × 1 mm) were embedded in 

paraffin, cut longitudinally from base to apex along the septal wall and fixed on the sample 

stage. The samples were imaged at 10 frames per second for 300 × 400 pixels using a one 

color channel. TPM was performed with 14 fields of view (steps) in the x-direction, 18 in 

the y-direction, and 30 in the z-direction, denoting the principal Cartesian directions. 

Imaging of left ventricular wall specimens of both wild type and knockout mice was 

performed employing a customized multi-photon high speed imaging system set up around a 

Zeiss microscope (Axioscope, Zeiss Thornwood, NY) with an automated x–y specimen 

stage, an automated tissue cutting mechanism, and a high speed polygonal scanning mirror.
10,16,24 The use of an imaging rate of 10 frames per second, 0.7 μs pixel residence time, and 

a 3750 rpm rotation speed resulted in a net line-scanning speed of 320 μs/line. The 

microscope (Axioscope, Zeiss, Thornwood, NY) was coupled with a laser beam through a 

modified epiluminescence light path, which directed a beam reflected by the dichroic mirror 

toward the objective (Zeiss 40× Fluar 1.3 numerical aperture NA). Non-spatially resolved 

detectors (R3896, Hamamatsu, Bridgewater, NJ) were used to collect the emitted photons. A 

3D autocorrelation algorithm was performed to extract the main fiber directions per voxel in 

microscopic fields of view.1 Each field of view was divided into four image volumes with a 

voxel size 60 μm × 60 μm × 60 μm. The image volumes were linearly interpolated in the z-

direction to achieve isotropic voxel resolution. Each image volume file was translated into a 

set of 181 equally spaced vectors on the surface of a half sphere, where a single value was 

extracted and recorded from the bidirectional radial integration. Through a 3D Fourier 

transform, the data was then displayed in a frequency space, and a frequency filter was then 

used to remove features/signals with wavelengths greater than or equal to 120 μm. The 

Fourier transform of the image volume was calculated through a component by component 

multiplication of its conjugate to obtain the autocorrelation and then followed by an inverse 

transform back into real space.

Generation of Tractography Images from DSI and TPM

DSI and TPM datasets were processed using custom software to reconstruct and visualize 

their 3D myoarchitecture. Myofiber tracts were constructed based on the vector directions in 

ODFs associated with adjacent voxels through streamline construction, whereby multi-voxel 

tracts are formed that follow the direction of the diffusion maxima.1,9,11 Owing to the fact 

that DSI allows for more than one local diffusion maxima per voxel, we employed a method 

of streamline generation that operates by adding a constraint that a certain angular threshold 

must be reached in order to create intervoxel connectivity. By convention, this constraint is 

defined as that condition that exists when the indicated vectors lie within an angular 

threshold of ±17.5°. The myofiber tract is thus derived from the principal fiber directions, 

represented as the directions of maximum diffusion of the set of ODFs associated with 
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adjacent voxels. Myofiber tracts were displayed using a helix color-coding scheme, where 

yellow/green indicates a negative left-handed helix angle and dark blue/pink indicates a 

positive right-handed helix angle (reference axis longitudinal orientation, base to apex). The 

helix angle was determined relative to a longitudinally aligned reference axis, associating the 

apex of the heart to the base. A region of interest (ROI) sphere for a specified radius was 

employed to isolate and visualize myofibers in the myocardium. Fiber length was computed 

as a function of the extent of indicated myofiber tracts in terms of the numbers of voxels 

spanned and the length/voxel. For normalization among specimens, the average fiber lengths 

were divided by the maximum fiber length measured for each specimen.

RESULTS

Tractographic Imaging of the Wild Type Mouse Myocardium

Excised male mouse hearts (2 wild type, 3 MyBP-C−/−) were imaged using diffusion 

spectrum MRI (DSI) followed by high speed multi-slice, two photon microscopy (TPM), 

and all image data were processed for tractographic visualization. Employing a spherical 

region of interest (ROI) for localization, DSI resolved the transmural variation of myofiber 

tract helix angles displayed in normal mouse hearts (Fig. 1). Quantifying the variation of 

myofiber tract helices within the ventricular wall, the helix angles varied progressively from 

negative angles in the subepicardium through zero degrees in the midmyocardium to positive 

angles in the subepicardium (Fig. 2). The helix angles in the right ventricular wall varied 

similarly, although on a smaller spatial scale owing to reduced wall thickness. In order to 

provide microscopic confirmation of the aforementioned DSI findings, reconstruction of 

TPM images was performed for each heart imaged by DSI, employing the local 

autocorrelation function of individual oriented cells. TPM sections corresponding to the DSI 

tracts were isolated using ROI spheres, displaying four slices from the subepicardium to 

subendocardium with similar variations in tract helix angle and pattern (Fig. 3). The first 

epicardial slice (Figs. 3b, 3f) consisted of left-handed helices (green) and circumferential 

tracts (light blue). Right-handed helices (dark blue, purple) dominated as the ROI sphere was 

shifted toward the sub-endocardium (Figs. 3e, 3i). Myofiber helix angles constructed from 

DSI and TPM images employing an identical ROI sphere for localization were identical at 

each transmural depth (Fig. 3j).

Tractographic Imaging of the MyBP-C−/− Mouse Myocardium

Images of the MyBP-C−/− myocardium from the anterior and basal views demonstrated 

variations of myofiber helix angles as a function of position within the ventricular wall (Fig. 

4). The myocardial myofiber tract patterns revealed by DSI and TPM varied significantly in 

comparison with the myofiber tract patterns present in the wild type myocardium. Compared 

to wild type myocardium, the MyBP-C−/− myocardium displayed substantial 

myoarchitectural disarray, characterized by a loss of voxel-to-voxel orientational coherence 

for those fibers located principally in the mid- and endo-myocardium resulting in a loss of 

the predicted transmural variation of tract helix angle. This effect was quantified by 

comparative measurements of average fiber tract length (reflecting intervoxel angle 

coherence) and myofiber helix angle (reflecting the tissue pattern of myofiber alignment). 

The average tract length was maximal in the midwall (ROI position 0) for the wild type 
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myocardium, whereas the average tract length for the MyBP-C−/− myocardium was minimal 

at this position (Fig. 5). Displayed in Fig. 6 are subepicardial and subendocardial myofiber 

tracts isolated by the same ROI sphere in wild type and MyBP-C−/− hearts. Comparing the 

subendocardial region of the tissue, both wild type and MyBP-C−/− hearts exhibit coherent 

fiber tracts, although with different helix angles. In contrast, comparing the subepicardial 

region of the tissue, the wild type hearts exhibit coherent fiber tracts, whereas the MyBP-C
−/− hearts exhibit a near complete lack of fiber coherence. Myofiber helix angle was plotted 

as a function of wall depth in both MyBP-C−/− and wild type hearts (Fig. 6e). In comparison 

with the wild type myocardium, the myofiber tracts of the MyBP-C−/− myocardium 

displayed a near absence of discernible tracts in the midwall and subendocardium due to a 

lack of coherence organization. Considering the region of the subepicardium to the midwall, 

the MyBP-C−/− myocardium displayed a more rapid transition from left-handed helices to 

circumferential helices (negative ROI positions).

DISCUSSION

We questioned in this study whether a novel, multiscale NMR method for imaging complex 

myofiber orientation in tissue, diffusion spectrum imaging with tractography, was capable of 

distinguishing normal from disordered myoarchitecture in the setting of model congenital 

HCM. Variations in the expression of cardiac myofilament proteins, such as the ablation of 

MyBP-C, either alone or in association with compensatory expression or post-translational 

modification of associated proteins, are believed to be associated with congenital HCM. The 

current studies confirm that the normal myoarchitecture of the mouse heart consists of a 

series of helical myofiber structures with transmurally varying helix angles, whose net 

contraction promotes torsional rotation and ventricular lumen closure, whereas the hearts of 

MyBP-C knockout mice display marked myofiber disorganization and a loss of the normal 

transmural progression of helix angles.

DSI is an NMR imaging method designed to quantify the alignment of fibers based on the 

determination of the 3D spin displacement function.10,20,40 To achieve this goal, DSI obtains 

numerous diffusion-weighted MR images per voxel, each with a different diffusion-weighted 

gradient value and orientation. Deriving from a solution of the diffusion propagator 

formalism, DSI defines the probability that a nuclear spin will diffuse a certain distance over 

a specific interval of time. This results in a probability function for the complete set of 

possible molecular displacements per voxel as a function of diffusive motion. The 

probability function for a given diffusion data set is based on the Fourier relationship 

between this function and the spin echo diffusion signal obtained at various gradient 

strengths.4 In this manner, DSI overcomes the limitations of DTI imposed by its strict 

Gaussian dependence. While DTI depicts transmural variation of the helix angles on the 

basis of local (voxel-specific) differences in the orientation of the principal diffusion 

eigenvector, DSI provides direct visualization of myocardial fiber orientation viewable from 

any orientation. Tractographic visualization, moreover, substantiates the definition of layered 

myocardial sheets, which are loosely bound by collagen in order to allow reorientation in 

response to wall thickening during contraction. By its ability to depict the net diffusive 

environment within a given voxel as a set of oriented diffusion maxima, DSI has the capacity 
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to resolve the complex architectural patterns present in normal and pathological 

myocardium.

MyBP-C is a thick filament accessory protein that reversibly binds phosphate and thereby 

regulates the interaction and binding of myosin and actin.8,13 While it was initially believed 

that MyBP-C was a structural protein involved in the assembly and stabilization of thick 

filaments in striated muscle,39 mice expressing reduced MyBP-C exhibit diminished ejection 

fraction, prolonged relaxation time, and an increased rate of ventricular stiffening during 

isovolumic contraction.13 These findings may be explained by a modulation of the rate of 

cross-bridge cycling, a change in the availability of myosin cross-bridges to actin, or a 

variation of Ca2+ sensitivity.3,5,14,23,31 These and subsequent results18,21 have led to the 

supposition that MyBP-C tethers the myosin head and thereby reduces the access of myosin 

heads to actin. Notwithstanding, significant questions remain regarding the mechanism by 

which expression of MyBP-C affects multicellular organization and organ scale mechanics.

Extending previous findings37 suggesting that HCM is associated with myocyte 

disorganization, we hypothesized that impaired expression of MyBP-C would similarly be 

associated with the presence of myoarchitectural disarray at the tissue scale. We demonstrate 

in the current study employing DSI tractography that the ablation of MyBP-C in the mouse 

is associated with the loss of the predicted variation of transmural helix angle configuration 

and a loss of intervoxel orientational coherence in the region spanning the mid-wall to the 

endocardium. The phenotypic selectivity of this fiber disorder to the inner half of the 

ventricular wall may be attributable to the fact that segments of the myocardial wall develop 

at different stages of embryogenesis and supports the genetic origin of the observed 

myoarchitectural disarray. Following the initial formation of the atrial and ventricular 

chambers, primitive cells undergo epithelial-to-mesenchymal transformation leading 

ultimately to the subendocardium,7,26 whereas the proepicardium develops through a distinct 

epithelial-to-mesenchymal transformation.41 Depth specific differences of myoarchitecture 

may impact on cardiac tissue mechanics in that MyBP-C−/− hearts possess a shortened 

contraction time,17,30 and moreover achieve greater maximum peak elastance at the onset of 

ejection compared to the wild type.22 The faster transition from negative to positive helix 

angles in the MyBP-C−/− hearts may enhance the extent of initial elastance by means of 

faster force activation, whereas the more rapid onset of elastance and lack of helical fiber 

development from the midwall to the subendocardium promote a shorter contraction time. 

The more rapid transition from left-to right-handed helices in the subendocardium of the 

MyBP-C−/− hearts may be associated with a more increased force at the onset of contraction. 

Since the angle of rotation in the subendocardium is greater than that in the subepicardium, 

subendocardial fibers should achieve larger angles of rotation and therefore generate higher 

pressures.43 The lack of fiber coherence principally in the subendocardium of the knockout 

mouse should therefore lead to net shorter periods of maximum force and reduced systolic 

force generation.

We conclude that the DSI tractography is capable of resolving myoarchitectural disarray in a 

mouse model of hypertrophic cardiomyopathy. We specifically demonstrate that the ablation 

of MyBP-C is associated with the loss of voxel-to-voxel orientational coherence for those 

fibers principally located in the mid-myocardium-subendocardium, resulting in a 
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characteristic change in the transmural progression of helix angles throughout the 

myocardial wall. We speculate that the loss of normal fiber helicity in MyBP-C−/− hearts 

leads to abnormal force development by impairments in torsional mechanics. This 

conceptualization of heart failure therefore substantiates a multi-scale model in which 

molecular changes in myocyte structure and function are associated with the variations of 

the 3D alignment of myocytes within the ventricular wall and organ scale force generation.
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FIGURE 1. 
Determination of myofiber helix angles from DSI tractography. The continuous gradient of 

helix angles as a function of ventricular wall depth is shown. Panels (a) to (e) viewed from 

the apex and panels (f) to (j) viewed from the lateral wall display isolated fibers intersecting 

with a ROI sphere. Using helix angle color encoding, the fiber tracts along the left 

ventricular wall gradually transition from helices with negative angles in the subepicardium 

to zero degrees (circumferential) in the midmyocardium to positive angles in the 

subepicardium. The left-handed helices in the subepicardium point toward the base, while 

the right-handed helices in the subendocardium point toward the apex.
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FIGURE 2. 
Myoarchitecture of the wild type (WT) mouse heart. DSI tractography of a WT mouse heart 

from the perspective of the (a) anterior wall and the (b) base of the heart. Myofiber tracts are 

color coded as function of helix angle (scale shown) and vary progressively from helices 

with negative angles in the subepicardium to zero degrees (circumferential) in the 

midmyocardium and to positive angles in the subepicardium. Comparison of myofiber helix 

angles obtained by DSI and TPM tractography is shown in terms of (c) DSI projection of 

isolated fibers along the left and right ventricle as viewed from the base. (d) Corresponding 

imaged DSI location magnified from (a) (white box). (e) TPM reconstruction of myofiber 

tracts showing similar helix angle variations as a function of wall depth as DSI.
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FIGURE 3. 
Helix angle transitions in wild type myocardium displayed by DSI and TPM tractography. 

(a) DSI visualization of full 2-chamber view from left ventricle of isolated myofiber tracts. 

White scale bar indicates 1 mm. (b–e) Enlarged DSI projections (white box from a) illustrate 

the same gradient of myofiber tracts from positive to circumferential to negative helix angles 

as (f–i) TPM images. For both (b–e) and (f–i), a ROI sphere was shifted parallel to the short 

axis from the subepicardium to subendocardium. White scale bar indicates 0.28 mm in (b–

e), and 0.2 mm in (f–i). (j) Plot of DSI- and TPM-derived myofiber helix angle as a function 
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of location in the left ventricular wall in the case of a wild type (WT) heart, demonstrating 

near equivalence of the helix angles at each transmural depth.
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FIGURE 4. 
Myoarchitecture of MyBP-C−/− (KO) mouse heart. DSI tractography of the heart obtained 

from a MyBP-C knockout mouse heart from the perspective of the (a) anterior wall and the 

(b) base of the heart, with myofiber tracts color coded by helix angle. Unlike the wild type 

mouse heart, the variation from subepicardium to subendocardium does not remain 

consistent around the circumference of the heart. The circumferential (light blue) and 

negative (dark blue and pink) fibers appear in the epicardium to midmyocardium, rather than 

the endocardium. Comparison of DSI and TPM tractography of a MyBP-C−/− heart is 

demonstrated in terms of: (c) DSI projection of left and right ventricle from a basal view. (d) 

Enlarged DSI image of tracts (white box (a)) corresponding to the imaged TPM location. (e) 

TPM reconstruction of fibers showing similar helix angle variations as DSI. The myofiber 

tracts in the MyBP-C−/− hearts imaged with both DSI and TPM (compared with wild type 

hearts shown in Fig. 1) display architectural disarray manifested by a paucity of myofiber 

tracts and variation in transmural helix angle transition.
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FIGURE 5. 
Average tract length and corresponding DSI projections in wild type (WT) compared with 

MyBP-C−/− (KO) hearts. (a) Plot of average fiber tract lengths along the left ventricular wall 

for three MyBP-C−/− (blue, purple, green) and two wild type (red) mouse hearts. For 

normalization, the average fiber lengths are divided by respective maximum fiber lengths 

measured for each specimen. At the midmyocardium (ROI position 0), the wild type (WT) 

fiber length are maximal while the peaks, while the KO myofiber lengths are minimal. Tract 

length variation as a function of transmural position was super-imposable for the wild type 

mouse hearts, whereas tract length variation for the mutant hearts displayed subtle 

differences. Using a ROI sphere, DSI images of the (b) WT and (c) KO are displayed at the 

midwall. The WT myocardium fibers appear dense, coherent and strongly aligned in the 

same circumferential helical pattern, whereas the KO myofiber tracts appear sparse, short, 

and disorganized with dissimilar helix angles.
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FIG. 6. 
Comparison of myofiber helix angles in corresponding DSI projections in wild type (WT) 

compared with MyBP-C−/− (KO) hearts. Isolated subepicardial and subendocardial fibers of 

WT (red) and KO (blue, purple, green) hearts shown from the two chamber, left ventricle 

view. A ROI sphere was used to isolate fibers from DSI projections. (a and b) Display fibers 

on the subepicardial surface. (c and d) Display fibers on the subendocardial surface. While 

(a) and (b) both display coherent tracts, fibers on the subendocardium differ. The WT (c) 

fibers remain strongly coherent, while the KO (D) fibers are few and disorganized. Myofiber 

helix angles in the left ventricle of WT and KO hearts were imaged by DSI and plotted as a 

function of varying transmural locations in the case of individual WT and KO animals (e). 

The myofiber tracts in the WT myocardium varied from 260° helix angle in the 

subepicardium to 0° in the midmyocardium and 87° in the subendocardium. In the MyBP-C
−/− myocardium, the transition from negative to positive helix angles occurs faster and more 

linearly than the wild type and is restricted to the subepicardium (negative ROI positions). 

From the midmyocardium to the subendocardium, the helix angles could not be measured 

because of a lack of coherence.
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