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V

ortical flow patterns are among
the most fascinating phenomena
in biofluid dynamics1 and can be
seen in confined spaces, such as the heart
ventricles, or in unbounded fluids (Figure 1). Modern imaging techniques2 allow
the visualization of intraventricular flow
structures. Nevertheless, despite numerous multifaceted intracardiac flow studies,
imaging diastolic vortex patterns still finds
no use in elucidating cardiac function and
adaptations, despite the burgeoning appreciation of cellular, molecular, genetic
and epigenetic aspects of endocardial and
myocardial function.3 Nonetheless, critical aspects of right and left ventricular
(RV/LV) function and adaptations can be
recognized only through a melding of the
fluid mechanics with myocardial cytology
and molecular biochemistry.
Cardiac function and adaptations are
intrinsically multiscale—small-scale events
at the subcellular level engender macroscopic organ properties. Indeed, diverse
phenomena at the ventricular level can be
correlated with analogous observations
in myocytes or isolated papillary muscle.4
From morphological changes in ventricular remodeling or its reversal, to DNA
unfolding in transcription, cellular myocardial adaptations rely upon coordinated feedback between mechanical forces
and biochemical activities. In understanding myocardial function and adaptations,
a comprehensive description of proteins,
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enzymatic activities and genes involved,
although essential, can furnish only a partial picture. It is commonly assumed that
genes contain the “information” that specifies the heart and its functions, blending
biochemical processes and fluid mechanics. However, this divests myocardial cells
of their interrelations with their environment.
That gene mutations can radically affect cardiac structure and function is certain.5,6 However, even knowing the entire
sequence of one’s DNA hardly suffices
to predict the phenotype of body or organ. Rather, it is the interacting genes and
cell “environment” together that construct
the characteristics of the pumping heart.
This survey proposes that forces associated with intracardiac rotatory flows exert important, albeit still unappreciated,
epigenetic actions. The time has come to
embrace a new paradigm in which diastolic vortex-associated forces play a vital role
and to figure out how heart cells react to
combined vortical shear and “squeeze.”
For this, we must consider findings from
various disciplines, imaging modalities,
computational fluid dynamics (CFD), and
molecular cell biology, whose practitioners are commonly unacquainted with
each other’s fields, despite their relevance.
I aim to place rotatory RV/LV filling within a working context that has cytomechanics bearings and thus to help integrate and
focus relevant pluridisciplinary research.

Filling Vortex and RV/LV Adaptations

imposed on the 2-D echocardiographic images8 to
correlate spatial and temporal evolution. Large intraventricular vortical patterns cannot be imaged easily
because of two technical complications. First, highpass filtering or other rejection algorithms remove
the “clutter signal” from adjacent moving walls;9 this
also removes the lowest blood velocities. Second, at
insonation angles close to ±90°, the Doppler shift
frequencies are low and are similarly removed by the
clutter filter. These limitations impact Doppler determinations of intraventricular vortex flows, characterized by velocities in many directions and near moving
walls. For more informative images of intraventricular flow structures, vector velocity fields can be generated by post-processing routine color Doppler velocities. This vector flow mapping10,11 displays flows in a
variety of modes, such as through velocity vectors and
streamlines.
Figure 1. Top: RV/LV diastolic flow patterns: the incoming jet
strikes the ventricular apex and sets up a toroidal vortex with its
main strength within the outflow tract of each chamber. Center
inset: The “vortex-thruster” propulsion mode of cephalopods.
Bottom: During the E-wave upstroke, as blood fans away from
the central stream toward the endocardial walls, the convective
deceleration effect tends, by the Bernoulli mechanism, to raise
downstream pressure opposing ventricular inflow; this convective
pressure-rise is opposed by the local acceleration gradient, which
favors forward flow. During the E-wave downstroke, it is joined in
sense and gets reinforced by the now adverse local deceleration
gradient and can consequently reverse the flow. This leads to disruption of the boundary between oncoming blood and endocardial
walls, or “flow separation,” and to the formation of a toroidal vortex that surrounds a central core.

Imaging intraventricular vortex flows
All intracardiac flow imaging modalities are versatile but imperfect for beat-to-beat fluctuations and
highly unsteady vortical patterns. Currently, direct
3-D intracardiac velocity determinations—as opposed
to 3-D reconstructions from tomographic measurements—are evolving.7
2-D color Doppler echocardiography and vector flow
mapping
Color Doppler echocardiography employs arrays of
pulsed-wave multigated Doppler elements to image
intracardiac flows in clinical practice.1 The multigated 2-D processor system assigns different colors to
local velocities, depending on direction and magnitude. Flow-field velocities are synchronously super-

Particle image velocimetry (PIV)
Echocardiographic PIV is a relatively new method12
that uses intravenous contrast agents, such as perfluoropropane microbubbles, to track intracardiac vortical kinematics.13-15 It provides 2-D or 3-D sequential
images of the velocity vectors within a region of interest.16-18 Conceptually, it is based on an optical technique for measuring serial displacement patterns of
flow particles and thence regional velocities. Crosscorrelation software searches for corresponding particle patterns in consecutive image pairs, computes
particle velocities and displays the result. Echocardiographic PIV has limitations, because relatively longwavelength ultrasound is used; fast flow regions can
cause blurred images, and ultrasound cannot be focused into a thin enough sheet so that only particles
in that “plane” are imaged.
Cardiac MRI
Cardiac MRI is based on imaging of hydrogen nuclei (protons) in a strong magnetic field. 2 Radiofrequency pulses are used to localize their distribution
in intracardiac blood and cardiac walls, and signal intensity depends on proton relaxivities. Movement-related signal changes are exploited in phase contrast
(PC) imaging to measure velocities. A bipolar magnetic gradient is applied to tissue slices; in static tissue, the two equal but opposite gradient poles cancel
out; however, if a tissue moves between the two, the
phase of the tissue gets shifted proportionately to its
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velocity. By comparing images with and without the
applied bipolar gradient, velocities are computed at
each image pixel.2 During each frame, protons moving at a constant velocity within each voxel of an MRI
slice and exposed to a flow-encoding bipolar gradient
will accumulate a phase shift proportional to their velocity.
The phase shift versus velocity relationship depends on the strength and duration of the flow-encoding gradients. Encoding velocity (Venc) is the velocity associated with a phase shift of +180°.19 The
range of measurable velocities is ±Venc; velocity is
aliased to an artificially low value if it exceeds the
maximum velocity, ±Venc. Because of heart motion,
an MRI slice position may image different heart sections during the acquisition. MR pulse sequences
can measure in-plane flow (2-D velocity encoding, xand y-directions) or through-plane flow (1-D velocity encoding, z-component).20,21 As PC velocimetry
requires data acquisition over multiple beats, imaging sequences are ECG-gated, prospectively or retrospectively,22 to produce sequential images throughout
the R-R interval, yielding cine-MRI. Supplementary
respiratory gating or breath-holding suppress respiratory motion artifacts.
Functional imaging (FI)
The FI method for the investigation of intracardiac
blood flows by CFD was developed by our group at
the Cardiac Surgical Research Laboratory at Duke
University and the Duke/NSF Center for Emerging
Cardiovascular Technologies.23-25 It evolved from our
method of Predetermined Boundary Motion (PBM),
which allows the movement of the inner (endocardial) ventricular surface to drive the flow, and adapts
well to patient-specific simulations and evaluations
of intracardiac flows.26-29 The PBM and FI methods
combine geometric modeling of the cardiac chambers throughout the cardiac cycle with CFD. In both
methods, the movement of the endocardial chamber
boundary is determined independently of the flow,
which is generated by and depends on it. Only the resulting intraventricular flow-field must be computed,
by incorporating the uncoupled wall motion into the
CFD.
A fusion of imaging modalities provides dynamic
3-D cardiac chamber contours with high spatiotemporal resolution; instantaneous geometry is derived
directly from the endocardial 3-D contours, allowing
individualized intraventricular flow simulations.30-33
460 • HJC (Hellenic Journal of Cardiology)

FI reveals detailed flow patterns in the hearts of individual experimental animals and human subjects. It
gives values of the flow variables at literally thousands
of discrete points in space and time.23,25 From this
high-density information, we can extract informative
snapshots of spatiotemporal vortical patterns, instantaneous velocities, pressures, and shear.24,30-33
Diastolic vortex-associated forces
Given the viscous flow “no-slip” condition at a solidfluid interface, the intraventricular ejection flow-field
streamlines take a perpendicular origin from the contracting endocardial surface.5,6,27,28,34 Consequently,
there is no shear (tangential) endocardial stress during ejection (Figure 2, top). Endocardial shear comes
about upon transition, early during diastolic filling,
from unstable fan-like flow to vortical flow (Figures
1 and 2, bottom panels). Diastolic vortical flow patterns within the cardiac ventricles were first studied
by Bellhouse,35 and Taylor and Wade.36 Using cineradiography with stream dye injection and endoscopic cinephotography in dogs and sheep,36 they showed
that radiopaque material injected atrially during systole moves into the ventricle in early diastole along
a broad front, with no evidence of early vortex formation. The opacified flow strikes the apex, moves
up the ventricular walls toward the base, and turns
back toward the apex again, forming expanding vortex rings behind the mitral and tricuspid leaflets. Fluid circulates around the toroidal (ring-shaped) vortex, so that a jet through the torus center results and
blood is contra-rotating on cross-sections astride this
central jet (Figure 1). This vortical pattern and its alterations in heart disease or following surgical procedures, including prosthetic atrioventricular valve implantation and ventricular reconstruction, have been
established in numerous studies.8,30-33,37-42 Let us now
examine the ensuing vortical hydrodynamic forces
and their cytomechanical consequences.
RV/LV vortex-generated endocardial shear
Figure 1, top, depicts the diastolic asymmetric vortices. Where the incoming jet strikes the RV/LV apex,
flow is brought to rest (stagnation) and the shear
stress between blood and endocardium is low. With
distance from the stagnation region, velocities near
the wall and wall shear rise rapidly (Figure 1). As
shown in Figure 2, bottom, FI simulations show that
the stagnation “point” swerves around from beat to
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ments.44 In view of Fry’s classic experiments attesting that shear stress beyond 380 ± 85 (SD) dynes/cm2
for periods as short as 1 hour causes endothelial erosion,45 such endocardial shear levels should not continue to be disregarded as likely epigenetic factors
influencing cardiac adaptations and disease. Vortexgenerated diastolic endocardial shear can be expected
to play important, albeit generally unrecognized, roles
in myocardial function and adaptations (Figure 4).
Wall centripetal and blood centrifugal rotatory flow
forces cause myocardial squeeze

RV filling vortex

Figure 2. Top: Satisfying the viscous flow “no-slip” condition
at a solid-fluid interface, the intraventricular ejection flow-field
streamlines are perpendicular to the contracting endocardial
surface; consequently, there is no shear (tangential) endocardial
stress during ejection. Bottom: Fortuitously, flow-governing fluid
dynamic principles do not allow inflow to mirror outflow streamlines throughout the ensuing filling phase—cf. Figure 1, Bottom.
During filling, there ensues flow separation and formation of a
toroidal vortex that surrounds a central jet. Thus, laminar vortical
shear and “squeeze” forces can come into existence.

beat, thus not maintaining a fixed non-sheared area;30-33 such behavior is typical of nonlinear systems,
which are exquisitely sensitive to small random disturbances.1
Since the asymmetric vortex typically grows stronger in the outflow tract, this area is scoured most vigorously in both ventricles (Figure 3, top). FI computer simulations30-33 indicate that the vortex-associated
endocardial shear stresses can attain ~40 dynes/cm2.
To place this in perspective, consider that shear forces <1 dyne/cm2 are detectable by endocardial cells in
vitro, and can trigger up- or down-regulation of gene
expression;43 higher shear, on the order of 8-15 dynes/
cm2, has been shown to cause cytoskeletal rearrange-

Objects do not naturally follow circular trajectories.
Blood particles rotating in a circle within the RV/LV
flow torus have an acceleration pointing toward the
center of the circle. By Newton’s second law there is a
force pushing toward the center: the centripetal force
exerted on blood by the walls.12 There is also an equal
and opposite (outward) centrifugal force exerted by
the rotating blood; this reactive force pushes onto
the curved endocardial surface and is the same force
that keeps water inside a rotated bucket. By Newton’s third law, if the ventricular walls exert a force on
blood, then it exerts an equal and opposite force on
the walls.12
Under the action of these centripetal and centrifugal forces12 the endocardium and other wall components get deformed, akin to a ball squeezed between
the palms of one’s hands (Figure 3, bottom). This dynamic interplay has not been previously recognized
in the literature. Nevertheless, it and its disturbances are likely to have intriguing epigenetic actions affecting cardiac function and adaptations, acting concurrently with the vortex-induced shear stresses. Adverse repercussions could accrue from the diminished
or absent “milking-action” of cyclic diastolic vortical
squeeze on intramural coronary vascular and lymphatic components.46
Vortex forces impact myocardial cytomechanics and
adaptations
Myocardial cells (endocardium, myocytes, and fibroblasts)47 must implement subtle or major adaptations to tune pump function to changing conditions. Fittingly, heart cells sense not only biochemical but also physical regulatory stimuli, such as transmural pressure and mural stresses. These stimuli rely
on mechanosensing and mechanotransduction 48 to
(Hellenic Journal of Cardiology) HJC • 461
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Figure 4. During cardiogenesis and in
pre- and postnatal life, a circular regulatory pathway exists linking intracardiac flows and associated forces acting
on the cardiac walls, to epigenetically
influenced mechanosensitive gene expression and changes in the morphology
of the developing prenatal or in the phenotype of the adapting postnatal heart.
Phenotypic plasticity can, in conjunction
with pre- and postnatal operating “environmental” conditions, lead not only
to adaptive but also to maladaptive responses and disease. (Modified with permission of PMPH-USA from Pasipoularides A. Heart’s Vortex: Intracardiac
Blood Flow Phenomena. Shelton, CT:
People’s Medical Publishing House,
2010. 960 pp.)
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Figure 3. Top: Rotation in the intraventricular flow-field can generate a
more or less vigorous scouring (tractive shear) of the endocardium lining the chamber. Bottom: Under the
action of centripetal and centrifugal
forces associated with RV/LV rotatory
diastolic flow, the endocardium and
other wall components get deformed,
akin to a ball squeezed between one’s
palms. This dynamic interplay has
not been previously recognized in
the literature; it and its disturbances
are likely to have intriguing epigenetic actions affecting cardiac function
and adaptations, acting concurrently
with the vortex-induced shear (Top),
as summarized in the Middle. Middle:
Myocardial cells (endocardium, myocytes, fibroblasts) can move, change
shape, and switch genes on and off in
response to changes in hydrodynamic
shear and “squeeze” (see discussion
in text).
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modulate ventricular function, DNA transcription
and translation, and adaptive remodeling.3 Nevertheless, intracardiac hydrodynamic regulatory epigenetic mechanisms are not appreciated in the context
of ventricular adaptations and remodeling, although
Murray’s law of optimal blood vessel sizing to maintain constant endothelial shear stress levels is generally known.49
Analogous mechanisms are likely to exist between
endocardial laminar vortical shear and “squeeze”
(see below) and RV/LV adaptations. 1,50 Thus, increased filling vortex strength in new-onset volume
overload could switch on genes and proteomic processes, culminating in RV/LV enlargement by sarcomere replication in-series, tending to reduce vortex
strength.30,50 If this negative feedback process overshoots to excessive chamber enlargement, ensuing
subnormal vortex strength levels might contribute to
intramural “milking-action” disturbances (see previous section) and transition to disease. In fact, myocardial cells can move, change shape, and switch genes
on or off in response to changes in hydrodynamic
shear and squeeze.1,50
Cytomechanics encompasses, among other things,
the structural dynamics of the cytoskeleton and extracellular matrix (ECM), mechanotransduction and signaling, and mechanical epigenetic influences on genetic expression. An example of the latter is hydrodynamic shear on the endocardial lining of the developing heart, shown to underlie splendid adaptations
of form to function during cardiogenesis.50-52 The endocardium regulates mural myocardial cell disposition in the developing heart; it provokes critical transitions in cardiomyocyte movements and dictates the
angular direction of cardiomyocytes within the growing walls.53 During cardiogenesis, therefore, endocardial shear links the sinuous flow within the developing heart and the spiraling, intertwining myocardial
fibers and surfaces in its forming walls.50
Compared to the endothelial, the endocardial3 cytomechanics literature is underdeveloped. Happily,
for vascular cytomechanics there exists a vast literature. Although it refers to vascular cells, there are significant structural homologies and activity-function
analogies54 with myocardial structures and interactions; for instance, modulation of cardiomyocyte contraction and relaxation by the endocardium resembles
modulation of myocardial contraction and relaxation
by the coronary endothelial lining, and the effects are
additive!55 I will therefore draw upon ontogenetically
parallel aspects of the vascular cytomechanics of hy-

drodynamic forces, to aid consideration of myocardial cytomechanics as they pertain to vortical shear and
squeeze effects.
ECM and cytoskeleton
Important processes, including cellular proliferation,
hypertrophy and apoptosis, are controlled by the mechanical characteristics and geometry of heart cells
and modulating forces of their environment.1,50 Mural myocardial cells are linked by an ECM framework
composed of different collagen types, elastin fibers,
and glycoproteins in an amorphous mixture of protein-polysaccharide macromolecules. 56 These components form a flexible scaffold for cell membrane
adhesion that transforms mechanical loading into
intracellular signals. 57 Endocardium and myocytes
are cyclically deformed by variable diastolic shear
and squeeze forces associated with diastolic vortex
flow, as explained in Figure 3. Deformation forces
are transmitted and balanced within the cells by cytoskeletal tensegrity action (see below); they may also
be transmitted to other RV/LV mural cells through
both cell-cell junctions and ECM adhesions. Growth
factors stored within the ECM are released following
mechanical stimulation.58
Integrins, rod-like, membrane-spanning heterodimeric (αβ) glycoproteins, pin cells onto the ECM
(Figure 3, insets). The forces transmitted through the
ECM both activate cellular signaling pathways and
initiate cytoskeletal rearrangements.50,59 Integrins detect deformation forces, such as hydrodynamic tractive shear; they then bind specific ECM ligands, transducing signals leading to activation of intracellular
signaling cascades and the assembly of actin-based cytoskeletal structures that directly propagate deformation forces. Their intracellular portion binds to actin
filaments; the extracellular to various ECM proteins,
including collagens, laminins and fibronectin.60-62
Microscopically, the cytoskeleton is a complex filament system spanning the space between nuclear envelope and cell membrane (Figures 3 & 5). It imparts
cell shape and comprises microfilaments, intermediate
filaments and microtubules,63 with auxiliary proteins
binding to their sides or endpoints. Microfilaments are
made of actin, which associates with myosin to compose tension-generating assemblies. By itself, actin
can form a flexible network or self-assemble into rigid
cross-linked struts. Intermediate filaments form flexible “cables” extending from cell membrane to nucleus.
Microtubules are long hollow tubulin polymers polym(Hellenic Journal of Cardiology) HJC • 463
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erizing from an organizing center near the nucleus outward to the cell periphery.57
Cytoskeleton and cell elasticity
The solid cytoskeleton affords cells “tensegrity”
(tensional integrity).64 Cytoskeletal tensions create
an equilibrium between strut compression and string
tension, allowing internal structural balance. The cytoskeleton is dynamic and changes with environmental conditions; its actin and myosin filaments combine and shorten by sliding along each other, generating tension (actin-myosin motors)65 distributed to
intracellular organelles and the ECM through integrin attachments. Such dynamics apply to the cytoskeleton of all myocardial cells—endocardium, myocytes, fibroblasts. Through actin-myosin motors,
cells also apply stresses to fine-tune sensing and responses to external force-stimuli.66,67 In cardiomyocytes, cytoskeletal filaments are overlain spatially on
the sarcomeres.
Global cell elasticity reflects cytoskeletal dynamics as conditioned by active and passive tensegrity contrivances.68 Given the complex regulatory mechanisms
involved, endocardial and myocyte elasticity pertain to
the overall cell rather than specific properties of individual components.69 Thus, long- and short-term timeresolved elasticity measurements under conditions of
impaired RV/LV filling vortex strengths could provide
useful insights into cytoskeletal abnormalities reflecting weakened shear and squeeze.1,50 Such weakening
could be an epigenetic factor underlying ventricular
dysfunction and remodeling (Figures 3-5).
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Figure 5. Summary of epigenetic dynamic actions of RV/LV diastolic toroidal vortex. Cytoskeletal “tensegrity” dynamics create equilibrium between strut
compression and string tension, allowing
internal structural balance and shape
maintenance. Cells sense their physical
3-D “environment,” including variable
diastolic vortical shear and “squeeze”
forces, by transducing mechanical deformations and forces into differentiated
transcription and translation signals,
which can adjust cellular and extracellular tissue and organ structure. Mechanosensitive controls modulate myocyte
shape and intracellular architecture, and
processes as diverse as proliferation,
hypertrophy, and apoptosis, involved in
cardiac homeostasis and adaptations.

Mechanotransduction and signaling
Cells transduce imposed mechanical forces/deformations into differentiated biochemical signals (e.g. K +
influx through stress-sensitive ion channels43), which
can adjust cellular and extracellular tissue and organ
structures.70 Mechanosensitive feedbacks modulate
cardiomyocyte architecture and diverse cellular processes (e.g. proliferation, hypertrophy, and apoptosis)
involved in cardiac homeostasis and adaptations.71
Any disturbance of typical myocardial mechanosensing and signaling activities could lead to cardiac abnormalities.
Intriguing research examines how extracellular
forces are transmitted into cells.72,73 The cellular capacity to sense and respond to external forces involves diverse cytoskeletal and biochemical mechanisms.74-76 Sensing vortical shear and squeeze forces and the ensuing responses must encompass complex interactions. Conventional endothelial mechanotransduction research addressed how external shear
gets converted into biochemical signals. However,
endocardial cytoskeletal filaments can also transmit
vortical forces physically to basal ECM or lateral intercellular attachments, where further mechanotransduction events transpire.72-76 Intercellular junctions
include desmosomes and adherens junctions formed
by cadherins—transmembrane adhesion proteins. 77
The basal membrane focal adhesion (FA) complex is
a macromolecular heterocomplex78 including membrane-spanning integrins60 and syndecans,79 and intracellular vinculin, paxillin, and talin,80 anchoring integrin to actin. Synergistic signaling by integrins and
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syndecans subserves cellular responses to external
forces.81,82
The following are among the advantages of cytoskeletal mechanosignaling:1,50,83
a) Without cytoskeletal intermediation, the intensities of vortex-associated shear and squeeze forces
on myocardial cells might not suffice for conformational rearrangements (e.g. molecular unfolding) and biochemical activity modifications.
b) Cytoskeleton-based mechanotransmission is
much speedier and efficient in conveying information across multiple cells via intercellular junctions, or over long intracellular distances, than
diffusion-based chemical signaling.
c) Channeling forces along cytoskeletal filaments
can focus stresses on specific mechanosensory
molecules and structures, while protecting most
other cellular components from excessive strains.
d) Cytoskeletal mechanotransduction and mechanotransmission provide for altering the activities
of assorted molecules at widespread intracellular and nuclear sites nearly synchronously, which
could be crucial for multifaceted control of cell
function and adaptations by diastolic laminar vortical shear and squeeze.
Advances in nanotechnology for cytomechanical
investigations allow direct measurement of forces of
cellular, subcellular and macromolecular scale, as I
have recently described.6
External force transmission to the nucleus and
epigenetic influences
FAs are external force sensors that can activate both
biochemical and cytoskeletal signaling pathways for
cell function/structure control and organ remodeling.67,74-94 Forces exerted through the ECM on FA receptors, mainly integrins, catalyze phosphorylation of
signaling proteins and are also propagated via hardwired cytoskeletal filaments directly to the nucleus,
internal nuclear scaffolds and linked chromatin.83,84
By rearranging cytoplasmic and nuclear macromolecular assembly configurations, they can immediately
induce mechanochemical conversions and alter gene
activities.76,85 Both biochemical and cytoskeletal signaling are potent inputs into cellular control schemes
in tissues in which adaptive (remodeling) responses
must counter considerable variations from ordinary
circumstances.74-76,86,87
In biochemical signal transduction, most cell
membrane receptors stimulate intracellular enzymes

linked to them by guanine nucleotide-binding G proteins.88 These enzymes amplify and transmit signals
elicited by extracellular stimuli and ligand binding to
downstream intracellular targets; signal targets include nuclear transcription factors,89 which modulate gene expression. Cytoskeletal connections also link transmembrane integrins to subnuclear elements, physically transmitting external forces to produce intranuclear deformations and conformational
modifications of DNA chromatin, modulating transcriptional activities.85,90-92 Filling-vortex–associated
shear and squeeze forces transmitted to the nucleus
could, therefore, modify nuclear protein self-assembly, DNA replication, gene transcription, and RNA
processing/translation. Significantly, disruption of the
actin cytoskeleton inhibits shear-mediated signaling
and changes in gene expression,93 and there is evidence for direct functional involvement of actin, and
of nuclear myosin 1, in transcription.94
Translating vortical mechanical effects into epigenetic
phenotypic alterations
As suggested in Figure 4, cardiomyocytes can take external force epigenetic inputs and integrate them with
other signals to adapt their phenotype; e.g. choosing
to upregulate the expression of proteins, potentially
undergoing hypertrophy.95 Cardiac mural cells can also respond by remodeling their ECM, modifying the
abundance and composition of ECM proteins such
as collagen, potentially to shore up cardiac chambers against overdistension.96 Such responses lead directly to epigenetic phenotypic alterations and resultant functional changes in cardiac mechanics.50 For
instance, RV/LV myocardium translates mechanical
requirements of pressure or volume overloads into
concentric and eccentric hypertrophic growth and remodeling.29,97-102
Shear-induced endothelial gene transcription
modulation, e.g. through changes in Ca++ signaling
and NO,103,104 can produce wide-ranging auto- and
paracrine effects in the proteome. They include rapid and reversible upregulation of mitogen-activated
protein kinases regulating cell growth, differentiation,
and apoptosis, and thus modulating genomic expression profiles, cell morphology and proliferation.105-108
Research into this mechanochemical link has focused
on the cytoskeleton and its linkages to the ECM.75,109
The shape-sustaining cytoskeleton is vital in myocardial responses to vortical shear and squeeze and related RV/LV adaptations.1,50,110 Additionally, inter(Hellenic Journal of Cardiology) HJC • 465
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nal cytoskeletal tension forces transmitted to adjacent cells by cell-cell adhesion cadherin receptors111
can give rise to long-range communication and interactions among cells. Such interactions could dictate
the mutual alignment of cells and affect proliferation
and differentiation patterns in large cellular assemblies,112,113 such as the RV/LV myocardium.
Future: RV/LV filling vortex patterns and myocardial
gene expression
As I proposed above, mechanisms analogous to Murray’s law—endothelial cell modulation of vascular
geometry and endothelial shear—are likely to exist between endocardial diastolic vortical shear and
squeeze and RV/LV adaptations and remodeling.1,50
Mechanistic insights linking filling vortex patterns
and attendant forces to variable expressions of gene
regulation in RV/LV myocardium should reveal epigenetic mechanisms supporting ventricular function
and adaptability through phenotypes not encoded in
a rigid sense in the DNA.
RV/LV filling vortices can be visualized and analyzed as summarized in the second section of this
article, and are closely controlled by heart rate—a
primary determinant of inflow velocities and the diastolic time during which they exert their actions 30
(Figure 5). However, experimental evidence on cellular/molecular myocardial processes regulated by
intraventricular vortical forces is currently nonexistent. Pertinent studies are needed, and should also
include responses to interventions, so that functional
models might be generated in due course. In a vascular context, comparable studies have identified scores
of genes regulated by laminar shear whose transcriptional activity and expression increase or decline in
response to flow.114-116 Such studies have also provided a mechanistic explanation for endothelial gene
regulation by flow, and led to the discovery of promoter sequences, named shear stress responsive elements (SSREs), which mediate shear stress transcriptional responses.117 SSREs are likely to mediate RV/
LV adaptive transcriptional feedback processes in response to diastolic vortical shear and squeeze.
The myocardial phenotype accrues from selective expression of the genome, and embodies cell
“experiences” and responses to extracellular forces.49,50 DNA micro-array technology affords a powerful tool118 to study the expression of endocardial
genes that are differentially expressed with (patho)
physiologically changing vortical shear and squeeze
466 • HJC (Hellenic Journal of Cardiology)

patterns. To characterize how alterations in the variable, and heart rate-dependent, strengths and durations of cyclic vortex shear and squeeze yield different myocardial “phenomes,” we need specialized proteomics methodologies119 to track multiple constituent proteins, and their cellular context and morphological features in ventricles with diverse inflow and
filling vortex patterns.30
Conclusions
Epigenetic mechanisms are fundamental in cardiac
adaptations and disease. In the current post-genomic
era, elusive epigenetic control mechanisms can begin
to be unraveled. They promise to drive great expansion and transformation in our appreciation of cardiac function and adaptations to hydrodynamic forces,
such as the shear and squeeze associated with largescale intraventricular filling vortex motions. Because
of the Human Genome Project, translational cardiologists can search a database to see what a gene specifies. In the future, they may also be able to look up
when a gene is run—specifically, to learn how intraventricular vortex epigenetics control chemical modifications to DNA and to DNA-spooling proteins that
regulate how cells deploy gene expression. This concise survey has proposed that vortical flow patterns
are an overlooked epigenetic factor influencing functional and morphological changes in the heart, and
has set down relevant information and integrative
concepts pertinent to its investigation.
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