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What You Will Learn in This Chapter

This chapter will address the anatomy of the heart from a microstructural perspective and
review how the organisation of cardiomyocytes supports cardiac function. Both the helical
arrangement of cardiomyocytes and the orientation of sheetlets will be examined. The
potential of a novel technique called diffusion tensor cardiovascular magnetic resonance
(DT-CMR) will be discussed, in particular its ability to non-invasively assess the cardiac
microstructure in both health and disease.

Learning Objectives
Acknowledge the complexity of the myocardial microstructure.
Understand how the configuration of cardiomyocytes and sheetlets relate to ventricu-
lar contractile function.
Appreciate how novel non-invasive techniques will aid our understanding of the
dynamics of the myocardial microstructure.

4.1 Cardiac Microstructure

The cardiac microstructure is complex, and its dynamics are not yet fully understood. It is
often considered to have a hierarchical structure. Sarcomeres are the basic contractile
units of the myocardium and are aligned in series to form myofibrils, which themselves
assemble within the cardiomyocytes (CMs) in parallel. CMs connect end to end with
several others in a branching configuration [1]. Moreover, CMs aggregate into secondary
structures called sheetlets that underlie the laminar nature of the myocardium [2, 3]. There
is an important relationship between the microstructure and overall cardiac function.

4.1.1 Sarcomeres

Sarcomeres are formed of thin and thick filaments and are approximately 2 pm long. They
are bounded by Z-discs [4]. The thin filament comprises actin molecules associated with
the troponin complex (troponins T, I and C) and tropomyosin. Tropomyosin rests over
the myosin-binding site of the actin filament [5]. The thick filament comprises two myosin
heavy chains and four myosin light chains. In each thick filament, there are three key
regions: the motor head, the hinge at the neck and the tail.

The arrangement of the filaments gives rise to alternating light (I) and dark (A) bands
[4]. The lighter I bands contain only the thin filament, whilst the darker A band includes
the thick filament as well as the area of overlap with the thin filament. The A band also
contains the H zone, a region of no actin. The M line reflects the centre of the sarcomere,
with the protein titin running from the M line to the Z disc.

4.1.2 Cardiomyocytes

CMs are multinucleated cells, with a principal long axis and multiple intercalations with
other CMs. There is a surprising lack of agreement in the terminology relating to CM
organisation, with the term ‘fibre’ being used to describe both individual CMs and groups
of CMs [6]. Others avoid the term altogether to retain the distinction between cardiac and
skeletal muscle.
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B Fig. 4.1 The left ventricle (LV) has a helical arrangement. The LV is dissected from the epicardium
(top left) through several layers to the endocardium (bottom right). There is transmural variation in the
orientation of the cardiomyocytes. (Image from [7])

Gross dissection of mammalian hearts reveals a ‘grain-like’ appearance to the myo-
cardium, reflecting the overall direction of CM long axis orientation [7]. The CMs
have a helical orientation, as shown in @ Fig. 4.1. In the epicardium, CMs are orien-
tated in a negative left-handed (LH) helix, rotated through to a circumferential align-
ment in the mesocardium and progress to a positive right-handed (RH) helix in the
endocardium. Both light [8] and extended volume confocal microscopy [9] techniques
confirm this transmural variation of the cardiomyocyte orientation from approxi-
mately —70° at the epicardium to +70° at the endocardium (where the angle lies
between the CM long axis and the circumferential direction and is projected onto the
plane tangential to the epicardium).

4.1.3 Sheetlets

A secondary level of CM organisation exists, in which groups of approximately 8-12 CMs
aggregate, surrounded by collagenous perimysium and separated by shear layers [2, 3].
These grouped CMs are termed sheetlets, shown in 8 Fig. 4.2. Originally, it was believed
that sheetlets spanned the entire width of the LV wall; however, it is now appreciated that
there are multiple sub-populations of sheetlets with differing orientations throughout the
LV [11-13].

An important collagenous network exists, interlaced with the CMs and sheetlets. In
the subepicardium, long interconnected cords of collagen run parallel to the long axis of
CMs. In the mid-wall, perimysial collagen surrounds sheetlets, forming part of the cleav-
age planes that are seen in @ Fig. 4.2. Longitudinal cords (base-apex) are less frequently
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O Fig. 4.2 Histology of
porcine myocardium from the
mid-left ventricular wall.
Cardiomyocytes are seen in
cross section and aggregate
into groups, separated by the
white fissures or ‘shear layers’
(Adapted from [10])

observed in the mesocardium. In the subendocardium, there is a dominance of the
cleavage plane structure in the collagen network, suggesting that the sheetlet configura-
tion is increasingly well-defined towards the endocardium [2]. These cleavage planes are
not simply space between sheetlets or distortion artefacts from histological preparation,
but in fact play an important role in the dynamic nature of the myocardium.

4.2 Structure-Function Relationship

Cardiac function is complex, with multidirectional myocardial deformations occurring
across the cardiac cycle. The interplay of radial thickening and thinning, longitudinal and
circumferential shortening, lengthening, and torsion all contribute to LV function. Whilst
ejection fraction (EF) is the most ubiquitous of parameters used to define contractile
function, it measures luminal change, rather than myocardial mechanics directly. Strain is
a measure of myocardial deformation (relative change from resting diastolic dimension)
and is typically described by dimensionless units. Global longitudinal strain has been
shown to be superior to EF in predicting major adverse cardiac events [14].

Radial strain reflects LV wall thickening and is positive, typically in the range of 0.40.
In contrast, circumferential and longitudinal strain are both negative, and approximately
—0.20 [15, 16]. These strains are in the direction of the normal orthogonal directions, but
more complex cross-directional deformations known as shear also exist.

4.2.1 Sarcomeric Function

These various strains are underpinned by the contractile force generated by the sarcomere.
It is the dynamic interaction of the thick and thin filament that produces contractile force.
This is known as the ‘sliding filament theory’ [4, 17]. CM membrane depolarisation results
in the release of Ca?* from the sarcoplasmic reticulum, which binds to troponin C. This,
as well as phosphorylation of troponin I results in tropomyosin rotating around the actin
filament and opening the myosin binding site [5, 18]. Consequently, the myosin head is
able to form a crossbridge with the actin filament and slide it along towards the centre of
the A band in a ‘power stroke’. Adenosine triphosphate (ATP) then binds to the myosin
head, and the crossbridge detaches.

Sarcomere length reduces in systole to approximately 80-65% of its diastolic
length, due to this sliding filament motion. It is recognised that there is a length-tension
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relationship of increasing force generation as diastolic sarcomere length increases. This
accords with the ascending limb of the Frank-Starling law curve; increasing contractility
(cardiac output) as diastolic filling (end-diastolic volume) rises. This will be explained
further in » Chap. 10 [19].

4.2.2 Relating Cardiomyocytes to Cardiac Function

There is an intuitive relationship between sarcomeric shortening of ~15% and CM
shortening of a similar magnitude. Indeed, this value approximates to the negative
circumferential strain seen in the mid-wall where CMs are circumferentially aligned
[17, 20]. What is less clear is how the associated ~8% CM thickening translates into
wall thickening of 40% - a paradox addressed by many groups over recent decades
[8,21-23].

Initially, it was recognised that cleavage plane orientation differed in different contrac-
tile states, supporting the concept of redistribution of myocardial volume through the
cardiac cycle [21]. The identification of sheetlets, married with experiments measuring
shear strains, developed the subsequent explanation of sheetlets sliding relative to one
another, facilitating wall thickening beyond individual CM thickening [22-24]. However,
such shear analyses do not directly assess sheetlet orientation, with these studies further
limited by the static nature of histology.

Recent novel developments in a technique called diffusion tensor cardiovascular
magnetic resonance (DT-CMR) have been instrumental in developing our understand-
ing of this conundrum [25]. DT-CMR is a unique non-invasive tool that can evaluate
the cardiac microstructure in vivo by probing the diffusion of water through the myo-
cardium. Both the mean CM long axis orientation and the dominant sheetlet direction
can be obtained, as demonstrated in B Fig. 4.3 [26-28]. The technique has been histo-
logically validated through various experiments, including in vivo, in situ, ex vivo and
histological correlation [26, 28-31]. It has been applied in humans to give dynamic
information about the microstructural rearrangements that are integral to wall thicken-
ing and LV contraction [26]. In diastole, sheetlets are orientated parallel to the LV epi-
cardial wall; however, in systole they reorient to a more wall-perpendicular alignment,
facilitated by the shear layers. This degree of reorientation is referred to as sheetlet
mobility.

Interestingly, the helix angle does not undergo substantial change between diastole
and systole, instead retaining the negative-to-positive helix angle progression that appears
to be preserved throughout the mammalian species [7, 26]. Rather, the helical arrange-
ment is key in driving myocardial rotation and torsion [32]. CM shortening of the LH
epicardial myocytes leads to clockwise rotation basally and anticlockwise rotation apically,
when viewed from the apex. Contraction of the RH subendocardial myocytes results in
anticlockwise rotation basally and clockwise rotation apically. There is a net clockwise
rotation basally and anticlockwise rotation apically, due to the dominant effect of the
larger epicardial radius [33].

These opposing rotations give rise to LV torsion - the wringing effect that aids effective
LV emptying. The consequent recoil in diastole facilitates passive LV filling [34]. Hence,
there is an important relationship between the helical arrangement of cardiomyocytes and
LV function.


https://doi.org/10.1007/978-3-030-24219-0_10

44 U.Tarvala and Z. Khalique

HELIX ANGLE

o Ny

DT-CMR tractograms

color-coded according B A, <
to the local E1 helix angle Myocyte orientation model of the LV with detail

showing transmural change of helix angle
SHEETLET ANGLE ROTATION DURING CARDIAC CONTRACTION

d e f

n

Low sheetlet
angle

N/

Histology image
showing sheetlets

endocardium epicardium

|
i
igh sheetlet |
q angle §

I -

Histology image
showing sheetlets

Wall shortening

’ Wall thickening

B Fig. 4.3 DT-CMR provides cardiomyocyte and sheetlet orientation. In the top row, helix angle (HA) is
depicted. DT-CMR tractography demonstrates the known transmural variation from a negative HA at the
epicardium (blue) through to a positive HA in the endocardium (red). In the bottom panel, the sheetlet
angle is demonstrated with porcine histology alongside. In diastole, histology (c) shows a more
wall-parallel sheetlet orientation, which is a low sheetlet angle (d-f). In systole, a more wall-perpendicu-
lar orientation occurs, shown in histology (g), which translates to a higher sheetlet angle (h, 1). While
cardiomyocyte orientation remains similar in both cardiac phases, there is a significant increment in
sheetlet angle, which marries with the increased wall thickness (j). (Image from [26])
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4.3 Clinical Implications: DT-CMR in Microstructural
Derangement

DT-CMR is the only tool that allows for the non-invasive in vivo characterisation of the
myocardial microstructure. It has offered novel insight into our understanding of myocar-
dial mechanics in health, but also in disease. In acute myocardial infarction, the propor-
tion of RH helical structures decreases, concordant with the susceptibility of the
endocardium to ischaemia. Subsequent to this, a gain of LH cardiomyocytes in the infarct
zone and RH cardiomyocytes in the remote zone are thought to be adaptive remodelling
responses [35, 36]. Disturbance of the microarchitecture post-infarct has been character-
ised by DT-CMR, which may offer a contrast-free method of delineating cardiac fibrosis,
in addition to identifying a potential new tool to guide catheter ablation procedures for
infarct-driven ventricular arrhythmias [37].

DT-CMR has also identified novel abnormalities in sheetlet behaviour in cardiomy-
opathy. In hypertrophic cardiomyopathy (HCM), sheetlets have been demonstrated as
retaining a more systolic-like orientation (more wall-perpendicular) in diastole, with
reduced sheetlet mobility [10, 26]. The failure of sheetlets to return to a more wall-parallel
orientation in diastole can be described as a ‘failure of diastolic relaxation’ Interestingly,
this microstructural abnormality builds upon our knowledge of HCM pathophysiology.
Many sarcomeric mutations result in increased myofilament sensitivity to calcium,
increasing relative CM tension and contributing to the diastolic dysfunction in HCM [38,
39]. In contrast, sheetlets in dilated cardiomyopathy (DCM) have been observed as failing
to re-align to the expected systolic wall-perpendicular angulation, instead retaining a
more diastolic-like configuration [26].

In both of these cardiomyopathies, radial strain is similarly reduced; however, DT-
CMR is able to identify the respective sheetlet abnormalities, providing a deeper under-
standing of the pathophysiology underlying the diseases. HCM and other forms of
cardiomyopathy will be expanded upon in greater detail in » Chap. 12.

In congenital heart disease, DT-CMR of patients with situs inversus totalis has dis-
proven the idea that the condition is one of simply gross positional abnormality. Instead,
gross derangement of the helical arrangement was demonstrated, with an inverted pattern
basally that transitions to a more solitus pattern apically (@ Fig.4.4). In the mid-ventricular
transition zone, decreased sheetlet mobility and strain were identified, whilst overall abso-
lute torsion was reduced [40].

4.4 Where We're Heading

Our understanding of the cardiac microstructure and its relationship with cardiac func-
tion continues to grow. Novel tools such as DT-CMR are critical to developing our appre-
ciation of this complex interplay. Whilst the sheetlets and their dynamics during the
cardiac cycle can be demonstrated in vivo, it is unclear whether wall thickening results
from microstructural rearrangement or vice versa. In the same vein, does impaired sheet-
let mobility reflect or drive the cardiomyopathic process? There are inherent differences in
the morphology of the right and left ventricles and so the microstructural assessment of
both ventricles needs further study.
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O Fig. 4.4 CM orientation is deranged in situs inversus. DT-CMR demonstrates the expected helical
arrangement in situs solitus, whereby CM orientation progresses from a negative helix (blue) at the

epicardium towards a positive helix angle (red) at the endocardium. Neither the in-vivo and ex-vivo situs

inversus hearts exhibit this profile and instead show inversion at the base that trends towards the situs
solitus arrangement at the apex. There is a mid-ventricular transition zone. Adapted from [40]
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== The myocardial microstructure is complex, with multiple levels of organisa-

tion. Cardiac function is more than the ejection fraction. Various myocardial
deformations take place through the cardiac cycle, including radial thicken-
ing, circumferential and longitudinal shortening, as well as torsion.
Cardiomyocytes have a helical arrangement that transitions from left-handed
in the epicardium through circumferential in the mesocardium and right-
handed in the endocardium. This organisation is typically preserved in
mammals and drives cardiac torsion.

A second level of cardiomyocyte organisation exists, in which aggregated
cardiomyocytes form sheetlets. These sheetlets re-orientate through the
cardiac cycle and are integral to the process of wall thickening.

DT-CMR is a novel tool that can non-invasively offer information about
cardiomyocyte and sheetlet orientations in vivo. It has identified sheetlet
abnormalities in cardiomyopathy, deranged cardiomyocyte structure in
congenital heart disease and can assess microarchitectural changes following
myocardial infarction.
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