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heart disease
« Orimary cause of death In industriaized nations
« affects 80 mio americans
» damaged cardiac tissue does not self regenerate

forms of cardiac growth

e Case | - athlete’'s heart
stress driven isotropic growth

« case Il - cardiac diation
strain driven eccentric growth

» case Il - cardiac wall thickening
stress dnven concentric growth

motivation - cardiac growth

organ level - human heart and its characteristic microstructure

celular level - cardiomyocyte and its characteristic microstructure

Figure 1. Normal healthy heart, courtesy of Chengpei Xu (left). Microstructural architecture of the heart (right). The orthogonal unit vectors f;,
and s, designate the muscle fiber direction and the sheet plane vector in the undeformed configuration. The orthogonal vector r, completes the
local coordinate system, where the constitutive response of the heart is typically viewed as orthotropic.

motivation - cardiac growth

Figure 1. Adult ventricular cardiomyocyte. The sarcomeric actin is labeled in green and the periodically spaced t-tubule system is marked in
red, giving the cell its characteristic striated appearance. Healthy cardiomyocytes have a cylindrical shape with a diameter of 10-25um and a
length of 100um, consisting of approximately 50 sarcomere units in series making up a myofibril and 50-100 myofibrils in parallel. Cardiac
disease can be attributed to structural changes in the cardiomyocyte, either through eccentric growth in dilated cardiomyopathy or through
concentric growth in hypertrophic cardiomyopathy.
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molecular level - sarcomere and its characteristic microstructure organ level - pathophysiology of maladaptive growth

Figure 2. Sarcomere units of human embryonic stem cell-derived cardiomyocyte. Sarcomeres are defined as the segment between two
neighboring Z-lines, shown in red, which appear as dark lines under the transmission electron microscope. Healthy sarcomeres are 1.9-2.1um
long characterized through a parallel arrangement of thick filaments of myosin, displayed in grey, sliding along thin filaments of actin, labeled
in green. Although cardiac cells are known to change length and thickness in response to mechanical loading, the individual sarcomeres
maintain an optimal resting length.

Figure 2. Pathophysiology of maladaptive growth of the heart viewed in transverse heart sections, reprinted with permission from Robbins &
Cotran. Compared with the normal heart (left), eccentric hypertrophy is associated with ventricular dilation in response to volume overload
(center). Concentric hypertrophy is associated with ventricular wall thickening in response to pressure overload (right).

motivation - cardiac growth motivation - cardiac growth

celular level - pathophysiclogy of maladaptive growth molecular level - pathophysiology of maladaptive growth
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Figure 3. Eccentric and concentric growth on the cellular and organ levels. Compared with the normal heart (left), volume-overload induced
eccentric hypertrophy is associated with cell lengthening through the serial deposition of sarcomere units and manifests itself in ventricular
dilation in response to volume-overload (center). Pressure-overload induced concentric hypertrophy is associated with cell thickening through

the parallel deposition of sarcomere units and manifests itself in ventricular wall thickening in resp to p overload (right).

Figure 3.Controlled cardiomyocyte remodeling in vitro. Cardiomyocytes adapt their size, shape, and intracellular architecture when spatially
confined in vitro through patterning on fibronactin islands at different aspect ratios (2:1, 3:1, 5:1, and 7:1). Isolated confocal slices display 2D
morphology of myofibrils with respect to actin (top) and alpha-actinin (bottom). Although overall cardiomyocyte size changes, the individual
sarcomere units remain at constant length.
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inking growth across the scales - fiber orientation kinematics of finite growth

By F =F°.F* B,

Figure 6. Generic biventricular heart model generated from two truncated ellipsoids, with heights of 70mm and 60mm, radii of 30mm and H + +
51mm, and wall thicknesses of 12mm and 6mm, respectively. In the healthy heart, cardiomycytes are assumed to be cylindrical, 100um long Conoept OT |ncompat|b|e grO\Nth Conﬂguratlon
with a diameter of 16.7um. They consist of 50 serial sarcomere units in length and 91 parallel units per cross section, each of them 2um long

and 2um in diameter. They are arranged helically around the long axis of the heart with a transmurally varying inclination of -55° in the
epicardium, the outer wall, to +55° in the endocardium, the inner wall, measured with respect to the basal plane.
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locally orthotropic material behavior locally orthotropic material behavior

dokos, smalll, young, le griece [2002], schmid, nash, young, hunter [2006]
g | L CoKlene, achan o Ll 2040 nolzapfel, ogden [2009], gokiepe, acharya, wong, Kuhl [2010]
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locally orthotropic material behavior locally orthotropic material behavior
gomege acmarxa vvomg Kl [2010) gomege acmarxa vvomg kunl [2010)
constitutive equations 13 constitutive equations 4

case | - aiflete’s heart syndrome first reported case of heart faiure in athletes

« growth due to significant exercise
« driven Dy elevated pressure and increased filling

cardiac output increases from 6 |/min at rest to 40 I/min 7
cardiac mass increases up to 50%

cardiomyocyte number remains constant ~6 bilion
the word marathon originates from the legend of phidippides. phidippides was sent from

cardiomyocyte size increases isotropically up to 40% the battlefield of marathon to athens to announce that the persians who had invaded greece
had been defeated in the battle of marathon. the legend states that pheidippides ran the entire
distance of 26 miles without stopping and burst into the assembly, 1o announce greece’s
victory before he collapsed and died on the spot. [4900c]

athlete’s heart - isotropic growth



physiology of athlete's heart

goveming equations

Table. Relative impact of different sports on left ventricular (LV) dimensions.

ge\hc@a 1998

athlete’s heart - isotropic growth 17

« multiplicative decomposition
F =F°.F® with F = Vxp -
« growth tensor

« avolution of isotropic growth multiplier
cardiomyocyte volume increase rate

0% = kE(9%) ¢5(M®)  with
« growth criterion

maximum cardiomyocyte increase , sarcomere deposttion
time , deposition nonlineartty , critical pressure level M€t

athlete’s heart - isotropic growth

four parameter growth model - sensitivity analysis

agorithmic treatment

@g = tr(Me) _ A{ecrit

maximum cardiomyocyte increase sarcomere deposttion time

Figure 5. Three-parameter growth function. The growth rate decays smoothly until the growth multiplier 9 has reached its maximum
value 9™, here shown for y = 2.0 and T = 1.0 (left). The nonlinearity of the growth process increases for increasing y, here shown for
y=2.5and t=1.0.

athlete’s heart - isotropic growth 19

Table 1. Algorithmic treatment of stress-driven isotropic growth.

athlete’s heart - isotropic growth 20



physiology of athlete’s heart syndrome

athlete’s heart - stress-driven isotropic growtn

Figure. Morphological components of the disease process in hypertrophic cardiomyopathy (HCM), the most common cause of sudden death in
young competitive athletes. A. Gross heart speci ioned in cross-sectional plane; left ventricular wall thickening shows an asymmetrical
pattern and is confined primarily to the ventricular septum, which bulges prominently into the left ventricular outflow tract. the levt ventricular
cavity appears in reduced size. B-D Histological features characteristic of left ventricular myocardium in HCM.
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athlete’s heart - isotropic growth 21

Figure 7. Athlete's heart, stress-driven isotropic eccentric and concentric growth, left ventricular dilation and wall thickening. The isotropic
growth multiplier gradually increases from 1.00 to 1.75 as the individual cardiomyocytes grow both eccentrically and concentrically. On the
macroscopic scale, the athlete's heart manifests itself in a progressive apical growth with a considerably increase in left ventricular cavity size to
enable increased cardiac output during excercise. To withstand higher blood pressure levels during training, the heart muscle grows and the wall
thickens.

athlete’s heart - isotropic growth 2

case Il - cardiac dilation

case Il - cardiac dilation

chronic enlargement at constant wall thickness
cardiac mass increases 3x t0 1000 g

cardiomyocyte number remains constant ~6 bilion
cardiomyocytes lengthen 40% at constant cell dameter

« sarcomers number increases from ~50 to ~70 in series
« sarcomere length remains constant at 1.9-2,1um

cardiac dilation - eccentric growth 2

cardiac dilation - eccentric growth =



constitutive equations agorithmic treatment

« multiplicative decomposition
F =F°.F* with F = Vxp
« growth tensor

- evolution of eccentric growth multtiplier
serial sarcomere deposition rate

with
« growth criterion

maximum serial sarcomere deposition , sarcomere  deposition
time , deposition nonlineartty , critical sarcomere stretch Table 2. Algorithmic treatment of strin-driven transversely isotropic growth.
cardiac dilation - eccentric growth = cardiac dilation - eccentric growth =
pathophysiology of cardiac dilation cardiac diation through strain-driven eccentric growth

Figure 8. Strain-driven eccentric growth, cardiac dilation, and increase in cavity size at constant wall thickness. The heart is usually enlarged, Figure 10. Strain-driven eccentric growth. The eccentric growth multiplier gradually increases from 1.00 to 1.50 as the individual
rounded, flabby, and heavy with a weight of up to three times its normal weight (left), reprinted with permission from Robbins and Cotran. cardiomyocytes grow eccentrically. On the structural level, eccentric growth manifests itself in a progressive dilation of the left ventricle
Heart specimen from a patient with cardiac dilation who died in end-stage heart failure. The ventricles are significantly dilated while the wall accompanied by a significant increase in cardiac mass, while the thickness of the ventricular wall remains virtually unchanged.

thickness has remained unaltered, courtesy of Allen P. Burke.

cardiac dilation - eccentric growth = cardiac dilation - eccentric growth =



cardiac diation through strain-driven eccentric growth in vivo model of cardiac dilation

no infarct

12 Wk post infarct

end-diastolic volume 1 from 37.12mme to 133.16mm?3
doyle, sheikh, sheikh, cao, yang, robbins, W [200(]

cardiac dilation - eccentric growth cardiac dilation - eccentric growth

in vivo model of cardiac diation in silico prediction of cardiac dilation
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glection fraction | from 68.16% to 23.33%
ulerich, goktepe & kuhl [2009]

doyle, sheilkh, shekh, cao, yamg robbins, wu [200/] doyle, sheikh, sheikh, cao, ydmg robbins, wu [2007]
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in vivo model of sarcomerogenesis

Figure 10. Ultrastructural changes of the intercalacted disk after volume overload. A Control. After 6 hours of volume overload, the ICD
becomes thick with one-sarcomere-long interdigitations. B After 12 hours, the ICD is folded to form one-sarcomere-deep grooves and contra-
grooves with short i ions. C At 1 day, i elongate up to one-sarcomere long in the folded ICD, D, so that the ICD
broadcns to ~two sarcomere wide. Groovcs and_contra-groves appear in this mode. At 1.5 days, the ICD is thin with mostly short

ions, but one-sarco 1 ions sporadically appear as spikes. E.There appear spaces surrounded by several spikes. At
2 days, the ICD is thin and ﬂat with short interdigitaitons similar to those of controls, finishing one cycle of serial sarcomere addition.

cardiac dilation - eccentric growth

in vivo model of sarcomerogenesis

+14% dilation due to volume overload

« dilation by cardiomyocyte elongation
« elongation by serial sarcomere deposition

« sarcomere number increases linearly from 62 to 85

» sarcomere deposition rate is linear in weeks 1 o 4
decays smoothly to saturation at week 26

cardiac dilation - eccentric growth

strain-driven eccentric growth through sarcomerogenesis

case ll - cardiac wall thickening

Figure 7. Strain-driven eccentric growth. Overall, eccentric growth is clearly hetergenecous with a transmural variation in serial sarcomere
deposition. Cardiomyocytes in the endocardium, the inner wall, reach their maximum length of 150um through the serial deposition of 25
additional sarcomere units of 2um each. Cardiomyocytes in the epicardium, the outer wall, reach a stable state at a length of 130pum through the
serial deposition of 15 additional sarcomere units. Eccentric growth along the septum is almost identical to eccentric growth along the free wall
initiating an overall shape change from elliptical to spherical.

chronic wall thickening at constant cardiac size
wall thickness increases from 1cm to 3cm

cardiomyocyte number remains constant ~6 bllion
cardiomyocyte diameter increases from 15um to 40um

sarcomere numbper increases in parallel
 sarcomere length remains constart at 1.9-2.1Tum

cardiac dilation - eccentric growth =

cardiac wall thickening - concentric growthe




case ll - cardiac wall thickening

constitutive equations

cardiac wall thickening - concentric growth-

« multiplicative decomposition
F = F°. F® with F = Vxp u
« growth tensor
F*=T+[v*—1]s)®sp
« evolution of concentric growth muttiplier
paralel sarcomere deposition rate

0% = k2(0%) ¢5(M®)  With
« growth criterion

maximum parallel sarcomere deposition , sarcomere  deposition
time , deposition nonlineartty , critical pressure level M€t

cardiac wall thickening - concentric growth =

agorithmic treatment

pathophysiology of cardiac wall thickening

Table 3. Algorithmic treatment of stress-driven transversely isotropic growth.

Figure 10. Stress-driven concentric growth , cardiac wall thickening, and 1 muscle thickening at constant cardiac size, reprinted with
permission from Robbins & Cotran. Left ventricular outflow obstruction has caused pressure-overload hypertrophy associated with a significant
wall thickening (left). A pronounced septal hypertrophy has caused the significantly thickened septal muscle to bulge into the left ventricular
outflow tract (right).

cardiac wall thickening - concentric growth =

cardiac wall thickening - concentric growth «



cardiac wall thickening through stress-driven concentric growth

cardiac wall thickening through stress-driven concentric growth

Figure 10. Stress-driven concentric growth. The concentric growth multiplier gradually increases from 1.00 to 3.00 as the individual
cardiomyocytes grow concentrically. On the structural level, concentric growth manifests itself in a progressive transmural wall thickening to
withstand higher blood pressure levels while the overall size of the heart remains virtually unaffected. Since the septal wall receives structural
support through the pressure in the right ventricle, wall thickening is slightly more pronounced in the free wall where the wall stresses are
higher.

cardiac wall thickening - concentric growth «

cardiac wall thickening - concentric growth =

stress-driven concentric growth through sarcomerogenesis

systemic vs pulmonary hypertension

Figure 9. Stress-driven concentric growth. Concentric growth is clearly heterogeneous with a transmural variation in parallel sarcomere
deposition. Cardiomyocytes in the endocardium, the inner wall, reach a stable state at a thickness of 31.4um through the parallel deposition of
84 additional sarcomere units. Cardiomyocytes in the epicardium, the outer wall, reach their maximum thickness of 50um through the parallel
deposition of 182 sarcomere units. Concentric growth at the free wall is slightly more pronounced than at the septum.

cardiac wall thickening - concentric growth «

Figure. Stress-driven concentric growth, cardiac wall thickening, and transmural muscle thickening at constant cardiac size. Left ventricular

wall thickening in response to systemic hypertension (left) from Kumar, Abbas, Fausto [2005]. Right ventricular wall thickening in response to
pulmonary hypertension (right), from Padera.

LL GRS G Ll

cardiac wall thickening - concentric growth «




systemic vs pulmonary hypertension systemic vs pulmonary hypertension

cardiac mass increases more cavity volumes decrease significantty
in systemic (+50%) than in pulmonary (+10%) hypertension in both systemic and pulmonary hypertension
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cardiac wall thickening - concentric growth cardiac wall thickening - concentric growth «

systemic hypertension - LV wall thickening pumonary hypertension - RV wall thickening

cardiac wall thickening - concentric growth « cardiac wall thickening - concentric growth «




