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Natural structures conveying fluid flow exhibit an interplay between flow-mediated forces and long-
term adaptation. This phenomenon is relevant in the cardiovascular system where the geometric remod-
eling of the heart chambers is the main mechanism underlying pathological progression leading to hearth
failure. Cardiac adaptation is analyzed here in children with a single right ventricle (SRV) in their heart.
In these patients, the left ventricle (LV) is not well developed and the healthy right ventricle (RV) is surgi-
cally reconnected, early after birth, to take the functional role of the systemic ventricle. Such a condition
represents a special model to investigate cardiac adaptation and this study takes advantage of the availabil-
ity of an uncommon dataset (64 normal RVs, 64 normal LVs, 64 SRVs with clinically normal function).
The ventricular functional performance is analyzed in terms of fluid dynamics and tissue deformation with
the objective of verifying to which degree the SRV configuration adapts from the original RV and pro-
gresses toward the function of a LV. Results show that the SRV immediately assumes a larger volume and
a wider geometry due to the higher operating pressure. However, the fluid dynamics is weakly turbulent
and produces a reduced propulsion. The surrounding tissue develops muscular thickening with multidi-
rectional orientation of myofibers that mimic a LV. However, the reduced flow performance and a lower
structural consistency makes the SRV at higher risk of progressive dysfunctional adaptations. This study
demonstrates how the interplay between cardiac flow and tissue response represents the driving macro-
scopic factor underlying the development of heart failure. More in general, the combined evaluation of
fluid dynamics and structural functional properties can be a requirement for the exploration of adaptation

processes across the different time scales.

DOI: 10.1103/PhysRevApplied.19.014006

I. INTRODUCTION

The dynamic interplay between flowing fluids and sur-
rounding solid elements represents a foundation of long-
term reciprocal adaptive behaviors in numerous disci-
plines, from environmental, climate studies to industrial
applications, to physiological systems. Flowing water and
prevailing winds in the lower atmosphere interact with
the landscape and design its long-term shape. Rivers find
the best path to cross a land and modify it through an
interactive optimization between flow and terrain. During
this process, the riverbed creates bedforms out of sand,
like dunes and ripples, that influence the flow energetic
balance, which in turn modifies how the flow interacts
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with the surrounding terrain [1]. The concept of struc-
tures designed by the flow is also entering the field
of industrial applications, where engineers have started
developing novel design techniques to reproduce solutions
inspired by nature and biology. To this end, computational
fluid dynamics is used to optimize the shape of elements
in relation to their desired function, namely by starting
from a rough design and reproducing its expected long-
term evolution that is optimal in relation to its function
[2] (an approach sometimes included in the category of
biomimicry or bionics).

As a general concept, the adaptation of a structure del-
egated to perform a fluid dynamics function inevitably
affects the function itself; vice versa, a modification of
the functional requirement may induce progressive geo-
metrical changes in an adaptive structure. This interplay
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about geometry and function is often not evident, hidden
by the longer time scale required for structural changes
with respect to the rapid response of flowing fluids.

The interplay between fluid flow and surrounding
boundaries is particularly active in biological systems.
Here the surrounding tissues are able to progressively
adapt, following the stimulation given by the moving fluid
that is often responsible for shaping biological structures.
An example of paramount relevance is the function of the
mammalian heart: it is central for life, beating about 10°
times every day and suiting largely varying conditions,
from birth to oldness through extreme sport or pathologies.

Blood motion in the human heart represents a vigor-
ous dynamic phenomenon: blood enters with velocities
about 1 ms™! into a cavity a few centimeters long and,
within a few tenths of a second, it has to rotate nearly 180°
and exit at a similar speed. This phenomenon involves
an intense exchange of momentum between blood and
the nearby cardiac tissues. Recent experimental studies
demonstrated how small alterations of cardiac flow during
the early embryonic stages severely modifies the geome-
try of the growing heart [3—5]. At the same time, clinical
studies in children and adults brought initial evidences
about the potential role of flow-driven forces to modu-
late cardiac adaptation in the presence of a pathology or
during a healing process [6-9]. The progressive transfor-
mation of cardiac geometry due to pathological adaptation
is known as cardiac adverse remodeling, which also alters
the cardiac function and can lead to heart failure. Vice
versa, previously diseased hearts undergo through reverse
remodeling during healing.

Cardiac remodeling represents one prototypical inter-
play between living tissue and fluid motion; at the same
time, its improved understanding is of paramount rel-
evance in clinical cardiology. The relationship between
geometry, fluid dynamic function, and structural adapta-
tion is here analyzed in the case of children with a single
right ventricle (SRV). The condition of a SRV is found in
children that present at birth with a condition known as
hypoplastic left heart syndrome [10]. These patients have,
structurally, a normal right ventricle (RV) and a largely
underdeveloped left ventricle (LV). They undergo a series
of surgical procedures to ensure survival during the first
several months of life that culminates, between 2 to 4 years
of age, with a procedure (Fontan procedure) where the
right heart is bypassed (caval veins are directly connected
to the pulmonary arteries). After the Fontan procedure, the
RV mainly receives oxygenated blood and serves as the
systemic ventricle in the absence of a useful LV. Unfor-
tunately, the survival rate of these patients remains low in
the long term [11,12] indicating that adaptation is often
inadequate.

Therefore, the SRV represents an interesting model to
investigate in vivo long-term adaptive response in the
heart chambers because the SRV is required to change

its function from that of a RV, originally structured for
supporting the pulmonary circulation only, to the more
demanding effort required by a LV supporting the sys-
temic circulation. This functional modification is expected
to push the original RV to eventually behave similarly to
a LV. Such modifications were analyzed in terms of vol-
umes and global properties in relation to clinical outcome
[13,14]. The common assumption is that the SRV func-
tion lies somewhere in between the LV and RV; however,
detailed mechanistic analyses are not available, as well as
conceptual models that make it possible to discriminate
those situations where ventricular function allows a nor-
mal life from those where the SRV adaptation progresses
toward heart failure.

The present study describes how the novel functional
requirement for the SRV develops within the original
RV structure. The analysis is performed by a combined
mechanical analysis that involves both intracavitary fluid
dynamics, to describe changes in pumping function, and
tissue deformation, to identify the longer-term adaptations
in the tissue. To this end, a comparative analysis of normal
RVs, normal LVs, and clinically matched SRVs is carried
out, exploiting availability of a valuable in vivo dataset.
This study aims to present a physics-based background for
the analysis of mechanical function that can be a reference
for future systematic clinical studies. While clinical con-
siderations are beyond the scope of this work, it applies a
physics-based approach with the objective to learn more
about the interplay between functional requirements and
structural adaptations.

II. DATA

A. Clinical data

The analysis included a group of 64 patients with a SRV
with a clinically normal and stable function and homoge-
neous characteristics, excluding pathology variants (e.g.,
atrioventricular canal, double outlet RV, septal defects,
critical aortic stenosis, severe tricuspid regurgitation) [15].
The presence of pathological variants would have an
impact on SRV function; this aspect is not addressed
by design to keep the study simple. To this end, it also
included a group of 64 RVs and a third group of 64 LVs
in age-matched subjects without any identified cardiac
disease and normal function. Age ranged approximately
between 2 and 18 years old with a gender division of
40% female to 60% male; the ensemble median age at
echocardiography was 10.6 yr (first and third quartiles
6.3—15.3) with no statistical difference between groups.
For reference, the age of Fontan in the SRV groups was
2.8 (quartiles 2.1-3.2) and the duration between Fontan
and echocardiography was 7.3 (quartiles 3.7—12.2). Heart
rate (77 beats per minute on average) and blood pressure in
the systemic circulation (108 and 61 mmHg in systole and
diastole, respectively) were also statistically comparable in
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the three groups. Children in the SRV group were slightly
smaller (average body surface area, BSA = 1.02 m?) than
the others (1.36 m?). The study was approved by the
Institutional Review Board of The Children’s Hospital of
Philadelphia and all participants or their guardians pro-
vided informed consent to the usage of data in anonymous
form for research.

All 192 subjects underwent three-dimensional (3D)
echocardiography as per institutional clinical practice;
recordings were spatially focused on the ventricle under
analysis and presented an average time resolution of 32
Hz (corresponding to about 25 frames per heartbeat). The
3D imaging datasets were initially analyzed by dedicated
software (4D RV Function and 4D LV Analysis, TomTec
Imaging System GmbH, Unterschleissheim, Germany) to
extract the ventricular geometry. The boundary (endo-
cardium) between the ventricular tissue and blood pool
is first drawn manually through the graphical user inter-
face at one instant, then the software tracks the anatomical
features over the entire heartbeat by optical flow meth-
ods. This analysis produces a triangulated surface of the
moving geometry where vertices identify material points.

B. Geometry

The geometries of the RV, LV, and SRV, properly aver-
aged over each group, are reported in Fig. 1. To perform
such an averaging procedure, all ventricles in a set are
translated to a common center, then the anatomical land-
marks (position of the two valves and apex) are identified
and a 3D rotation is performed to bring all ventricles to a
common axis (the direction from the midpoint between the
valves’ center to the apex) and aligned valvular position.
The RV presents a slender and thin chamber, as it wraps
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FIG. 1.

around the LV that is more compact and with nearly circu-
lar cross sections; the SRV geometry is more rounded than
the original RV and becomes more similar to that of the LV.
This shape modification is a known physiological adapta-
tion due to the higher systemic pressure loading either the
SRV or LV (on average close to 100 mmHg), with respect
to that in the pulmonary circulation (about 10 mmHg) act-
ing on the right side. Because of the need to support a
higher load, the normal LV muscular tissue is also much
thicker than the RV. Such a pressure increase is consid-
ered the main factor that modifies the SRV geometry with
respect to the RV, making it more rounded and building
up the thickness of the muscular tissue. It also inflates the
SRV to higher volumes than the normal RV, which in turn
are physiologically slightly larger than the LV as well. The
range from maximum to minimum values (from end dias-
tole to end systole) is 90-39 cm? (RV), 8231 cm? (LV),
and 111-57 cm® (SRV).

In summary, the geometrical adaptation of an original
RV into a SRV appears to drive it toward a shape that is
more similar to the LV. However, this change develops
over a RV anatomical structure that differs substantially
from the LV; therefore, the resulting SRV may differ
from both the RV and LV in terms of the fluid dynamics
pumping function and tissue contraction pattern.

I11. FLUID DYNAMICS
A. Methods and theory

The heart’s function is about creating and sustaining
blood motion. This is achieved through a contraction-
relaxation sequence in the myocardial muscle; however,
the ultimate aim is that of creating blood flow. Thus, any
muscular activity is efficient when it is associated with high
propulsion of blood toward the outflow (during ventricular

% (c)

Population-average geometry, shown during filling (diastole), for the (a) right ventricle, (b) left ventricle, and (c) single

right ventricle. Axis units are in centimeters; the tissue boundary is colored in red and the inlet and outlet in purple; the inlet valve is
partly open. Arrows report the individual anatomical coordinates z (longitudinal, directed from apex to base), x (from inlet to outlet),

y (transversal).
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contraction, or systole) or when it allows a gentle reception
of the filling flow (during expansion, or diastole) without
the need of high thrusts.

The fluid dynamics inside the three types of ventricles
is reproduced for the population-average geometries of the
RV, LV, and SRV under the assumption of a Newtonian
fluid (with a kinematic viscosity of 0.04 cm?/s). Numerical
simulation is performed by an immersed boundary method
inside a moving prescribed geometry, while the inlet valvu-
lar leaflets are moved by the flow and the outlet valve
has a simple open-close behavior. Details of the numeri-
cal method were described in detail elsewhere and widely
employed in previous studies [16,17].

Beside the flow pattern, the dynamic interactions
between the flow and boundary are the principal focus for
detecting the interplay between ventricular function and
structural adaptation. It is important to recall that such
interactions can only occur through an exchange of forces.
In integral terms, the global force acting on a volume V(¢)
of fluid (net of the inflating effect of the average pressure)
is given by the gradient of the pressure field, p (x, #), where
x is the 3D space coordinate and ¢ is time, integrated on that
volume, plus the viscous forces, 7 (X, f) integrated over the
volume boundary S(7):

F(?) =/rdS—/VpdV. (1)
s 14

Force (1) can be rewritten in terms of the fluid velocity
vector field, v(x,¢), by using the law of conservation of
momentum (e.g., the Navier-Stokes equation):

F@) = ,o/ (% +v- VV)dV. )
v

Here p is the fluid density, which can be computed from
the results of the fluid dynamic simulation.

In the case of an incompressible fluid, when the velocity
vector field has zero divergence, the volume integral (2)
can be transformed to a surface integral, accounting for the

(b)

momentum exchanged at the solid boundary and across the
open valvular orifices [18]:

F@) = ,o/ [x(a—v . n) 4+ v(v- n)]dS. 3)
S ot

This expression is simpler to compute as it allows evalu-
ating the global hemodynamic force without the need of
accurate knowledge of the entire intraventricular velocity
field. Using Eq. (3), the global force vector can be esti-
mated with negligible computational effort from the known
geometry of all 192 cases. A dimensionless force, F/pgV,
is then presented after normalization with density, gravity
acceleration g, and volume.

B. Results

The overall fluid dynamics arrangement can be quali-
tatively perceived by the steady-streaming (or heartbeat-
averaged) flow pattern, which is displayed in Fig. 2 in
terms of streamlines. Fluid dynamics in the LV and RV was
extensively described in the literature (see, e.g., Ref. [17]).
Briefly, the jet that enters the RV creates some vorticity that
remains confined to the region below the valve; afterwards,
during the systolic ejection, flow stretches along the con-
verging outflow tract with a nearly potential velocity field.
Differently, the flow entering the compact LV geometry
develops a rotary motion that occupies the entire chamber;
this rotation efficiently redirects the fluid toward the out-
flow for the following ejection. Such a relatively regular
LV flow pattern is allowed by its nearly ellipsoidal geom-
etry with the presence of an approximate symmetry plane
(the x-z plane) containing the inflow, outflow, and apex.
The geometry of the SRV approaches that of the LV; how-
ever, it originates from the peculiar RV shape and gives
rise to a sort of LV with broken symmetry. This results
in a fluid dynamics that differs substantially from both the
RV and LV. Fluid enters the wide SRV and develops vor-
ticity over the entire chamber; however, symmetries are
important for the efficiency of cardiac flow [19] and their

FIG. 2. Streamlines of the
steady-streaming  (heartbeat-
average) flow for the (a) right
ventricle, (b) left ventricle,
and (c) single right ventricle.
Streamlines are colored by
velocity magnitude.
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breaking does not allow creation of a regular circulation
during filling and the following contraction develops in the
presence of a velocity field that is weakly turbulent.

This qualitative picture of fluid flow can be employed
as a reference for the interpretation of the global force
exchanged between blood and the surrounding tissue.
The three components of the dimensionless hemodynamic
force vector (1) are shown in Fig. 3 that reports the average
value of the value computed by Eq. (3) over the 64 individ-
uals in each of the three groups. To ensure consistency, the
time scale has been normalized to common end-systolic
and end-diastolic instants before computing the average;
the corresponding average volume curves are reported at
the bottom for reference.

Consider first the forces that develop in the normal LV.
During systolic ejection fluid is propelled toward the out-
flow tract along a direction that is mainly longitudinal
(z axis), partly inclined along the inlet-outlet direction (x
axis); during the diastolic filling the force acts mainly in
the longitudinal direction with no net result in the other
directions arising from the rotation. The transversal (y-
axis) component is negligible all the time as a result of
the approximate symmetry. These observations agree with
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FIG. 3. Time course of the three components of the dimen-

sionless hemodynamic force vector. Each curve represents the
average computed from the 64 cases of each group. The volume
curve is reported at the bottom, for timing reference.

and complete the picture previously reported in the clini-
cal literature [20,21]. The analysis in the RV shows nearly
comparable components along the three directions dur-
ing systole according to the orientation of the RV outflow
track along which fluid is propelled; differently, during
diastole the filling is directed downward and the force is
predominantly longitudinal, like in the LV.

The forces that develop in the SRV show a behavior
that is by no means intermediate between the RV and
LV. During both systole and diastole the force is predomi-
nantly longitudinal, indicating that the weak turbulence in
blood motion does not produce any net coherent redirec-
tion, despite the lack of symmetry. More importantly, the
overall magnitude of the force generated by the SRV is
much lower, about one half that of either the RV or LV.
This tells us about the reduced ability of the SRV to create
and sustain blood flow: the geometric transformation from
the RV to SRV is mainly a result of the need to support
the higher systemic pressure, while it leads to a deteriora-
tion of the ventricular function. This deterioration of the
SRV pumping function makes it potentially more prone to
further structural adaptation.

IV. TISSUE DYNAMICS
A. Methods and theory

The dynamic properties of the cardiac tissue can be
explored, noninvasively, by studying how deformations
develop over time. They are described mathematically by
the machinery of finite deformation [22]. Consider an ini-
tial state, say at a reference time ¢ = 0 that is commonly
taken at end diastole, where material points in the tissue
are described by their coordinates X, and a deformed state,
say at a second time ¢, typically at end systole, where
each material point has moved to a new position x(X, ?),
such that x(X, 0) = X. The transformation from X to x is
described by the deformation gradient F defined as

Fi = 4
/=X @
Tensor F can be separated through the polar decomposi-
tion in rotation and deformation

F=RU, (5)

where R is the rotation matrix, and U is the right
stretch tensor that contains information about the stretch-
ing that occurred during the time interval (0, ¢). Along this
approach, the straightforward definition for a strain tensor
is

St=U-T (©6)

with Z the identity matrix, which is known as the
Lagrangian strain because it is computed following the
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material points identified in the original configuration. It
is also known as both the Biot strain tensor or engineering
strain, because this definition corresponds to that used in
the small-strain setting. Definition (6) represents the most
intuitive description of the strain measure. For example, in
1D deformation, a segment of length Ly is stretched (com-
pressed) to a deformed length L; = Ly + AL and the strain
measures the relative change of length St = AL/Ly = A —
1, where A is the stretch, which is a measure of the effective
elongation (shortening) of an originally undeformed fiber.
This definition of strain is considered standard in clinical
cardiology [23]. This study employs the Lagrangian strain
(6) as a strain measure in the three-dimensional framework
of the heart.

For the sake of completeness, it is worth recalling that
several other definitions of strain based on the knowledge
of F are present in the literature. A common one is the
Green-Lagrange strain tensor

St =;(F'F-IT)= U -1, ™

which was sometimes employed in cardiology [24-26].
It has the advantage of being obtained directly from
JF, without requiring the explicit calculation of U, thus
allowing easier analytical manipulations. In the abovemen-
tioned example of 1D deformation, the Green-Lagrange
strain is Stg = (A% — 1), which has the disadvantage that
the quadratic behavior does not correspond to the intu-
itive definition of physical deformation. Another popular
definition is the Hencky strain tensor. In the previously
mentioned 1D case, the Hencky strain has the remark-
able property that it can be calculated as the time integral
of the instantaneous strain rate dL/L, Sty = In(L/L¢y) =
fol dL/L, for which it took the attribute of natural or true
strain. Nevertheless, such a property is not valid in gen-
eral and only applies in the case of axial deformations, in
the absence of shear [27]. Therefore, all common strain
definitions cannot be expressed as the time integral of a
deformation rate associated with the symmetric part of
the velocity gradient [28] and this approach is generally
uncommon in solid mechanics since it requires the knowl-
edge of a time-resolved course of deformation and does
not allow us to express strain from the comparison of two
configurations. Yet, it is important to remark that all the
different strain tensor definitions (as well as the stretches,
i.e.,U and U?) share the same eigenvectors and the eigen-
values are directly related one to the other, thus allowing
relative interchangeability among definitions.

The 2 x 2 strain tensor (6) is here evaluated on every
element of the triangulated ventricular surface. To this end,
consider a triangle of tissue identified during time by the
coordinates of three material points x;(#), with the index
i = 1,2,3 spanning the three vertices. The three vertices
of the triangular element identify a planar surface, with

normal n defined by

_ (x2 — x1) X (X3 — X1)
(x> —x1) x (x3 — x|

®)

A set of local material coordinates can be placed with the
origin in the first vertex, the first axis directed to the second
vertex, and another axis orthogonal to it and to normal (8).
The set of unit coordinate vectors is then given by

X) — X1 (X2 —x1) Xxn

§ )

X2 — x| [(xa —x1) xm||’
Unit vectors (8)~9) provide a local orthonormal system
of coordinates that translates and rotates with time. The
deformation can be obtained from the description of the
three vertices in the local coordinates x; = [&;, n;, 0]. This
gives the simple expressions

x; =[0,0,0], (10a)
Xy = [”X2 — X] ”705 O]> (IOb)
X3 = [(x3 — x1) - &, (x3 — x1) - 9,0]; (10c)

because the three vertices lay on a plane, x; is the origin
and the first direction is aligned with x, — x;. The resulting
deformation gradient is

F) = [Sz(t)/fz(o) [&3(5) — sz(t)$3(0)/§2(0)]/n3(0)} ’

0 n3(0)/n3(0)
(11)

from which it is immediate to extract the symmetric ten-
sor U? = FTF. Then the eigenvectors of U? are those of
the strain tensor (6) and the corresponding eigenvalues are
the square of the two principal stretches A;, i = 1,2, from
which the two principal strain values are St; = A; — 1.

B. Results

Tissue contraction develops during systole: it starts
from a reference undeformed configuration taken at end
diastole, the instant when volume is maximum, and ter-
minates at end systole, when volume is minimum and
both strain eigenvalues are negative. The spatial distri-
bution of the first principal strain [PS; the most negative
eigenvalue of the strain tensor (6)] is shown in Fig. 4
averaged for the three groups; the color map is drawn
over strain lines everywhere tangent to the corresponding
eigenvector.

The value of the PS is comparable in the three ventri-
cles, with slightly larger values in the LV, indicating that
all produce a normal volumetric reduction. Differently, the
strain-line patterns are qualitatively distinct. In the RV, the
principal direction of contraction wraps around the valves
and becomes more longitudinal toward the apex; this
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directional pattern matches the arrangement of fibers in
the surrounding muscular layer. The LV muscle is known
to have a larger thickness with multiple layers where
fibers are arranged in counter-rotating helices [29,30]; the
contraction pattern observed here is dominantly circum-
ferential, which is the result of a synergistic activation of
layers containing fibers with cross-orientation, as previ-
ously observed in professional athletes [31]. Surprisingly,
the pattern in the SRV is more similar to the LV; it presents
a dominance of circumferential lines and does not cor-
respond to what would result from the contraction of an
inflated RV geometry (other than locally somewhere); this
suggests that the SRV has built up a thickness with varying
structure from that of the original RV.

A quantitative comparison of the global ventricular
deformation is performed by reporting the time courses
of the mean value of the PS and of the secondary strain
(SS), defined as the second (less negative) eigenvalue of
the strain tensor (6). As the PS represents the entity of con-
traction in the direction of strain lines displayed in Fig. 4,
the SS acts in the direction perpendicular to them. The
time profiles of the two global strains, averaged for each
of the three groups, are reported in Fig. 5. The PS presents
a similar behavior in the three ventricles with a slightly

FIG. 4. Color map of the
first principal strain (most-
negative eigenvalue of the
strain tensor) at the end of
systolic contraction. Colors are
drawn over the strain lines
(tangent to the corresponding
eigenvector) for the (a) right
ventricle, (b) left ventricle, and
(c) single right ventricle, with
each shown in two opposite
facing views.

higher value in the LV, as noted before; this confirms that
contraction is comparable because all ventricles ensure
the normal volumetric pumping. However, the secondary
strain curves differ significantly. The very low secondary
strain value in the RV reflects the fact that the RV mus-
cle is surrounded by a thin muscular layer with no room
for fibers of varying orientation; therefore, muscle con-
traction develops along the principal direction, measured
by the PS, and the absence of transverse fibers does not
allow the development of a significant SS. The opposite
occurs in the LV; here the circumferential principal direc-
tion does not correspond to the direction of fibers and is
rather the result of the simultaneous contraction of mul-
tiple layers of counter-rotating helical fibers, which gives
both the large PS and a significant SS that is about one
half of the PS. The SRV presents an intermediate behavior,
with a secondary strain about one third of the principal one:
this observation requires the presence of a certain degree of
multidirectional fibers and does allow considering the SRV
as a RV with a changed, inflated geometry. It indicates that
the SRV developed an adaptation that includes the growth
in thickness with creation of new fibers, or reorientation of
some existing ones, over novel directions with respect to
those of the original RV.
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FIG. 5. Time courses of the first principal strain (PS) and of the

secondary strain (SS). Each curve represents the average com-
puted from the 64 cases of each group. The volume curve is
reported at the bottom, for timing reference.

V. CONCLUSIVE DISCUSSION

Externally induced modifications to a biological system
cause immediate functional alterations that are followed by
a structural adaptive response in the longer term.

In the present case, the transformation from the RV to
SRV rapidly produces soon after the Fontan operation (in
the short term) a change of geometry induced by the higher
systemic pressure. The new geometric configuration, how-
ever, involves a functional decrease of the associated fluid
dynamics function with the reduction of the intraventricu-
lar pressure gradients, despite the fact that the volumetric
pumping is preserved. This reduction implies the need to
improve the force of contraction, which induces a pro-
gressive adaptive response of the surrounding muscular
structure through an increase of thickness. However, it
would take several months or years from the operation
(long term) for the ventricle to adapt to the new condi-
tion by changing its original myocardial fibers. The present
results indicate that such a thickening is not just a multipli-
cation of the original fibers (like in hypertrophy), but rather
a more efficient development of layers with variable direc-
tional arrangement, making the SRV work more closely to
a LV; nevertheless, the original differences and symmetry
break do not allow, in general, comparable performances
to be reached. In this sense, this study provides initial
evidence of an underlying poor mechanical performance,

making the SRV at higher risk of adverse remodeling. Con-
sidering this insufficient adaptation of the SRV, it would be
reasonable to expect progressive ventricular dysfunction
over an even longer period.

In other words, a geometric change to a system del-
egated to a fluid dynamic function inevitably modifies
its operational behavior in the short term. This alters
the balance of forces exchanged between the fluid and
the surrounding structure and may induce, in the longer
term, a more profound structural adaptation. Reveal-
ing such a process requires a combined analysis of
fluid dynamics and of structural response. Through this
method, and supported by clinical data, the present anal-
ysis provides original information about the path fol-
lowed after the transformation of the RV into a systemic
SRV.

On average, the SRVs that deliver a normal func-
tion exhibit a structural adaptation that resembles a LV,
although up to a limited degree. This incomplete adap-
tation is commonly accompanied by a small increase of
SRV volume that goes with a small decrease of the SRV
function, in terms of ejection fraction and strain. Larger
volumes and reduced function are often used as prognostic
values for the risk of adverse remodeling [32]. Never-
theless, the present results provide initial evidence that
even such small changes can be associated with a large
reduction in terms of fluid dynamic performance and a
lower structural consistency; these effects may be consid-
ered when developing more sensible prognostic functional
markers in conjunction with clinical indicators [33]. This
makes the SRV at higher risk than normal ventricles and
suggests more frequent monitoring of intimate functional
properties to anticipate the development of progressive
dysfunctional changes.

The interplay between fluid dynamics and structural
changes is a general mechanism that can be extremely
varied in the different fields of application. Uncovering
the relative influences requires a combined evaluation of
geometry, flow, and changes in the dynamics of the sur-
rounding boundaries, taking into account the different time
scales of the adaptation processes. Such an interplay is
relevant in the presence of biological tissues and in cardio-
vascular mechanics, in particular, where the phenomenon
of remodeling represents the driving macroscopic factor
during the development of heart failure. In this respect,
this study provides further support to the hypothesis that
an alteration of fluid dynamics can represent the ignition
cause for the cardiac adaptation of the surrounding solid
structures.

In a more general perspective, this investigative
study demonstrates, at least in the heart function, how
application of a comprehensive mechanistic analysis
allows uncovering underlying unstable conditions and
anticipates the development of progressive structural
adaptations.
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