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Introduction

Left ventricular contraction entails both longitudinal and 
circumferential shortening of the ventricle (~10–25%, 
depending on direction and depth) accompanied by radial 
wall thickening (>35%), together with twisting of the apex 
relative to the base [1]. The primary helical organisation of 
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cardiomyocytes through the depth of the LV wall [2, 3] can 
be quantified by the helix angle (HA), [4, 5] (Fig. 1). However, 
cardiomyocytes only individually shorten by ~15% and 
thicken by ~8% during systole [1], meaning that the known 
conformational changes in cardiomyocytes in a helical 
arrangement alone are insufficient to explain the observed 
magnitude of systolic wall thickening [1]. The secondary 
arrangement of cardiomyocytes consists of laminar 
microstructures, 5–10 cardiomyocytes thick, termed sheetlets 
(Fig. 1) [4, 6]. Sheetlet reorientation [7, 8], quantified by 
changes in sheetlet angle (SA), is the predominant 
mechanism associated with macroscopic LV wall thickening 
in vivo [9–11].

Cardiomyopathies are disorders of myocardium affecting 
both structure and function in the absence of coronary  
artery disease or abnormal loading conditions [12]. Both 
hypertrophic and dilated cardiomyopathies (HCM, DCM)  
are relatively common with a prevalence of 1:500 and up  
to 1:250 respectively [13, 14] each being associated with a 
significant likelihood of cardiac events [15–17]. Phenotyping 
the myocardium is important for diagnosing and managing 
cardiomyopathies, particularly for identifying the sub-
population at high risk of sudden cardiac death. 

Diffusion tensor CMR (DT-CMR) potentially provides a novel 
approach for phenotyping through non-invasive interrogation 
of the 3D heart microarchitecture [18–36]. In previous work 
we implemented robust quantitative in vivo DT-CMR and 
confirmed its reproducibility in normals [37] and HCM [38]. 
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Figure 1: Illustration of the dynamics of myocardial helical and sheetlet microstructures of the left-ventricular (LV) myocardium during 
cardiac contraction. Multi-slice tractogram obtained from ex vivo DT-CMR, depicting the primary diffusion eigenvector (E1) direction color-
coded according to the helix angle (HA) (1A). Schematic diagram of the helical structure of cardiomyocytes with zoom (1B). Left-handed 
helices in the epicardium are blue, circumferential alignments in the mid-myocardium are yellow, and right-handed helices in the endo-
cardium are red. Schematic diagram of myocardial sheetlet microstructures in relaxed (1F) and contracted (1J) states. Mid-myocardial 
zooms of histology sections cut perpendicular to the local cardiomyocytes, acquired in this study from relaxed (1C) and contracted (1G)  
ex vivo heart samples. In them, the yellow ellipse surrounds a single sheetlet comprised of closely packed cardiomyocytes bounded by  
the pale cracks of shear layers. Its cardiomyocytes are represented in 3D by yellow cylinders in (1D) and (1H) which, for clarity, are then 
simplified to a single array in (1E) and (1I), and depicted together with more endocardial and epicardial sheetlets in their systolic (1F) and 
diastolic (1J) contractile states and orientations. The grey planes represent intervening cracks or shear layers. For clarity, no secondary, 
counter-oriented sheetlet populations have been represented although, like those illustrated, their orientations would also be expected to 
swivel towards more wall-perpendicular in systole or more wall-parallel in diastole. The sheetlet angle (SA) is also shown, and it is defined 
as the angle between the sheetlet and the local epicardial LV wall. In this illustration, SA varies from a low value (SA ~15°) in diastole (1D) 
to a high value (SA ~60°) in systole (1H). This represents the microstructural dynamic basis of the longitudinal and circumferential wall 
shortening that together deliver proportional wall thickening far greater than that of any single cardiomyocyte. Figure from reference 40.
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Figure 2: E2A changes substantially throughout the cardiac cycle; the increase in E2A from diastole to systole is consistently observed in 
vivo, in situ, and ex vivo, and corresponds well to changes in sheetlet angle (SA) in histology. Example in vivo E2A maps at multiple points 
of the cardiac cycle, together with a plot of E2A throughout the entire cardiac cycle for all in vivo experiments (2A). The inset in Figure 2A 
illustrates E2A changes from diastole to systole. Oblique views of in vivo short-axis images with detail views of the lateral wall, depicting 
the measured planes defined by E1 and E2, color-coded according to absolute E2A. As these planes swivel from diastole to systole, E2A 
increases and their color changes from blue to red. Example in situ E2A maps, ~10 minutes and ~50 minutes after injection, with plots of 
the E2A over a period of ~60 minutes after injection of KCl and BaCl2 for all hearts (2B). Example ex vivo E2A maps at 3 mid-ventricular 
slices and plot of E2A in all ex vivo relaxed and contracted hearts (2C). Example long axis histological cuts with mesocardial layer details 
demonstrating sheetlets in relaxed and contracted heart tissue samples, with their corresponding angular histograms, demonstrating  
the sheetlet and cleavage plane reorientation (2D). Plots of absolute SA derived from the relaxed and contracted histological data (2D).  
Figure from reference 40.
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Figure 3: Plots of median 
E2A at diastole and 
systole in healthy 
volunteers, HCM and 
DCM patients. In all plots 
the median and IQR are 
also shown. In HCM, 
diastolic E2A is markedly 
higher than in controls, 
while systolic E2A values 
are similar. In DCM, 
diastolic E2A values  
are similar to controls, 
while systolic E2A values 
are markedly reduced. 
Figure from reference 40.

We reported E2A changes from systole to diastole in HCM 
consistent with exaggerated systolic contraction and 
attenuated diastolic relaxation [24]. In this work we 
comprehensively validated in vivo DT-CMR measures1 of 
cardiac microstructure against histology, analysed the 
influence of cyclic tissue deformation on the diffusion 
measurements [1, 24, 26, 39], characterized microstructural 
dynamics associated with myocardial wall thickening in  
the loaded beating heart in vivo, and characterized altered 
microstructural dynamics in HCM and DCM. 

Methods
Detailed methods are described elsewhere [40]. Animal 
procedures2 were approved by the NHLBI Animal Care and 
Use Committee. In brief, in vivo DT-CMR was acquired 
throughout the cardiac cycle in healthy swine, followed  
by in situ and ex vivo DT-CMR and validated against co-
registered histology (Fig. 2). Cardiac arrest induced by BaCl2 
[30] slowed cardiac contraction by three orders of magnitude 
(from ~300 ms in vivo to ~5 minutes in situ) allowing DT-
CMR during myocardial thickening in the absence of cyclical 
strain effects. The National Research Ethics Committee 
approved the clinical study. DCM and HCM were diagnosed 
in accordance with guidelines [41]. In vivo DT-CMR  
was performed both at late-diastole and end-systole in  
19 healthy controls, 19 DCM patients, and 13 HCM patients. 

Results and discussion

The results of the preclinical study demonstrate that both 
helical and sheetlet microstructural dynamics can be 
effectively interrogated in vivo in the beating heart with 

1 WIP, the product is currently under development and is not for sale in the US and in 
other countries. Its future availability cannot be ensured. 

2 Siemens MAGNETOM products have been designed and tested for use on humans 
only. None of these products are intended to be used for veterinary purposes.

DT-CMR. Limited changes in helical microstructure, 
measured as E1A and HA by DT-CMR and histology, between 
different contractile states were observed. By contrast, E2A 
increased substantially over the cardiac cycle. Changes in 
E2A with contraction were consistently observed under all 
experimental conditions and closely agreed with SA changes 
measured histologically (Fig. 2). These data confirm in vivo 
E1A as an index of helix angle and E2A as an index of 
sheetlet angle and support the hypothesis that reorientations 
of secondary laminar microstructures underlie myocardial 
thickening, and can be measured by DT-CMR. 

In healthy human controls, E2A was greater in systole (65°) 
than diastole (18°, p < 0.001), with an E2A mobility of 45°. 
HCM patients showed significantly greater E2A in diastole 
than controls (48°, p < 0.001) with impaired E2A mobility 
(23°, p < 0.001). In DCM, E2A was similar to controls in 
diastole (23°, p = 1.0), but systolic values were markedly 
lower (40°, p < 0.001) with impaired E2A mobility (20°, p < 
0.001) (Figs. 3, 4). Thus we show for the first time, a unique 
pattern of sheetlet behavior in DCM patients with persistence 
of near-diastolic conformation of sheetlets in systole. The 
opposite pattern was observed in HCM, with persistence of 
near-systolic sheetlet orientation was observed in diastole. 
These observations provide new insight into aberrant 
dynamics of laminar microstructures in cardiomyopathies 
and identify distinct mechanisms underlying reduced strain 
development. These mechanistic findings have potential to 
be useful for assessment of effective new drug therapies. 

We also compared in vivo, in situ, and ex vivo data to assess 
the influence of strain on in vivo DT-CMR data [1, 24, 26, 39, 
42]. The correspondence between in vivo, in situ, and ex vivo 
E2A changes indicates that the in vivo E2A observations 
originate predominantly from phasic changes of micro-
structural orientation. This is further supported by our  
model of slowed myocardial thickening over several minutes 
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Figure 4: Example b-value = 0 images, E1A maps, E2A maps and E2A glyphs in controls, HCM and DCM. The E1A maps show similar E1A 
distributions in all populations and contractile states. The E2A maps and glyphs are color coded according to absolute E2 angle (low E2A  
in blue for wall parallel sheetlets; high E2A in red for wall perpendicular sheetlets). E2A changes are from blue in diastole to red in systole  
in healthy controls. The HCM example takes a healthy systolic conformation (wall perpendicular sheetlets) but an incomplete diastolic 
conformation (mix of wall parallel and wall perpendicular sheetlets). The DCM example takes a healthy diastolic conformation (wall parallel 
sheetlets) but an incomplete systolic conformation (mix of wall parallel and wall perpendicular sheetlets). Figure from reference 40.
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induced by BaCl2 administration [43, 44], which occurs in  
the absence of cyclical strain effects, and yet demonstrates 
remarkably similar behaviour of E1A and E2A to that 
observed during in vivo experiments. Comparisons of the 
relationships between ΔE2A and ΔWT in vivo and with BaCl2 
in situ provide an estimate of the maximum potential 
influence of cyclical strain to in vivo E2A of ~17%. This may 
be an overestimate, since the different loading conditions 
between in vivo and BaCl2 in situ experiments might also 
account for some of the differences observed experimentally. 
The changes in E2A shown in DCM and HCM greatly exceed 
this potential confounder. Furthermore, the differences  
in the diastolic and systolic conformations of E2A in HCM 
and DCM occur in the context of similarly impaired strains, 
further supporting E2A mobility as a robust and clinically 
relevant measure.

In vivo DT-CMR may provide new mechanistic insights  
into altered ventricular mechanics, adverse remodeling and 
the substrate for arrhythmogenesis in a variety of clinical 
conditions including post-MI, valvular heart disease as  
well as inherited and congenital cardiac diseases. Other 
applications include identifying the potential for LV 
contractile recovery, reverse remodeling, and as a new 
monitoring marker for interventions to improve contractile 
function. 

Conclusion

We show that myocardial sheetlet reorientation in the 
loaded and beating heart in vivo is the predominant 
mechanism associated with systolic LV wall thickening,  
and that primary and secondary microstructures in the 
myocardium and their dynamic reorientations during cardiac 
contraction can be studied non-invasively by in vivo DT-CMR. 
In DCM, DT-CMR shows reduced sheetlet mobility and a 
diastolic conformation, which contrasts with the reduced 
mobility and systolic conformation seen in HCM, despite 
similarly reduced systolic myocardial strain. In general terms 
at the microstructural level, this indicates a failure of systolic 
sheetlet rotation in DCM and a failure of relaxation of 
sheetlets in HCM. These results provide the rationale for 
further study of the microstructural dynamics of cardiac 
contraction and myocardial dysfunction using in vivo  
DT-CMR to provide new diagnostic and prognostic 
information in human cardiac disease. 
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