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Abstract 

The ventricular myocardium remodels in an attempt to 
normalize local wall stress (σ) created by physical forces 
and optimize cardiac function. This σ is considered a 
major driving determinant of growth or regression of 
myocardial cells that in turn change the local ventricular 
myocardial wall thickness (h) and area stress. A 
computer model was developed that describes the 
magnitude and time course of changes in h in response to 
variations in physical factors (pressure, geometry). The 
model algorithm describes the driving changes in 
myocardial protein synthesis and h based on a stimulus of 
wall stress (Δs) outside of the normal range (σo). Changes 
in the segmental wall thickness (dh/dt) are considered 
directly related to the differential in σ integrated over 
time. As h changes, the actual wall stress (σa) also 
changes as defined by Laplace’s Law. The iteratively 
determined σ drives the growth/atrophy of the ventricle 
wall until an equilibrium is reached and Δs = 0. Model 
performance was compared to values from the literature 
that examine changes in σa during a clinical perturbation 
and was found to closely map changes in σa with an 
exponential approach to a maximum loss of about 35% of 
total h at 60 days with a k value of 0.0006. This model 
can serve as a driving algorithm for defining myocardial 
plasticity in a FEM of the heart and used to study cardiac 
remodeling. 

1. Introduction

It has been conventional wisdom that the ventricular 
myocardium hypertrophies or atrophies in an attempt to 
normalize wall stress and thereby optimize cardiac 
function [1,2] The degree of stress within the wall of the 
heart is commonly considered a major determinant of the 
growth or regression of myocardial cells that change the 
wall thickness [1-3]. A hypertrophied ventricle (thickened 
wall) reduces wall stress. Hypertrophy can be thought of 
as a mechanism that permits more muscle fibers (actually, 
sarcomere units) to share in the wall tension that is 
determined at a given pressure and radius. The thicker the 
wall, the less sarcomere unit tension.  

2. Methods

A computer model was constructed using VisSim™, a 
graphical language for simulation and model-based 
embedded development, which incorporates an algorithm 
that describes myocardial muscle fiber growth or 
regression based on local wall stress. 

2.1 Algorithm development 

An algorithm that describes a process for driving 
changes in the wall thickness was developed and is 
outlined below.  In this algorithm, changes in wall stress 
(Δs) outside of the normal range (σo) provide a stimulus 
that drives an increase in myocardial cellular protein 
synthesis and an increase in cell diameter and wall 
thickness (h).  The change in the thickness in the wall 
(dh/dt ) is considered directly related to the differential in 
wall stress from the normal value.  The changing wall 
thickness is integrated over time.  Since this process 
occurs at the cellular level it is expected that the changes 
in ventricle wall thickness also occurs segmentally at a 
localized level of the myocardium.  As the local wall 
thickness changes, it is expected to change the actual wall 
stress (σa) in an inverse manner as defined by Laplace’s 
Law. This new wall stress continues to drive the 
growth/atrophy of the ventricle wall until an equilibrium 
is reached and Δs = 0. 
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2.2 Derivation of K 

The value of K is derived from the information in the 
literature that analyzes changes in wall stress seen during 
some clinical perturbation (blood pressure medications, 
heart surgery) [3-6]. There is insufficient information 
describing these changes during spaceflight particularly 
as it relates to a longitudinal time course.  The amount of 
absolute loss in wall thickness after an intervention maps 
the degree of change in wall stress. We would expect that 
descriptions that include the earliest portions of the time 
courses to best indicate the rate of atrophy. The best 
complete time course data incorporating both short and 
long-term changes is from Madigan et al [4].  In this 
study, an LVAD was used to suddenly reduce the 
intraventricular pressures in patients with hypertrophy 
due to heart failure while changes in myocyte diameter 
were followed over a period of 160 days. There appears 
to be an exponential relationship in the loss as it 
approaches its maximum. This information was used to 
calculate a k value using a computer model incorporating 
the algorithm and average data from the study (figure 
below).  As the mass moves from 100% to 0% of the total 
myocyte diameter loss (maximum amount loss is about 
35% of the thickness) it takes approximately 60 days. 
Using our model, the k value is 0.0006 best fits the 60 
day timeframe for equilibrium.  This is also consistent 
with the timeframe for ventricular muscle 
hypertrophy/atrophy to create an equilibrium in wall 
stress as determined by other researchers [3,6].   

3. Results

The model performance was compared to values derived 
from the literature that examine changes in σa during 
some clinical perturbation. The absolute loss in h after 
intervention was found to closely map changes in σa as 
predicted by the model with an exponential approach to a 
maximum. The maximum loss is about 35% of total h at 
60 days with a k value of 0.0006 that best fits the 
timeframe for equilibrium. (computer simulation below) 

3.1 Limits of atrophy/hypertrophy 

The myocardium is comprised of many elements of 
which the contractile proteins are only a portion.  Cardiac 
plasticity involves only those tissue elements that change 
in response to variations in the wall stress. Some of the 
solid elements such as collagens and organelles are not 
directly impacted by the atrophy/hypertrophy process. 
The limits in both hypertrophy and atrophy have been 
described by several investigators [7-9].  The lower limit 
of atrophy of myocardial mass and hence the wall 
thickness is a loss of about 35%.  The upper limit of 
hypertrophy of these same structures is an increase of 
about 50%.  (graphic below derived from Madigan [4]).  
The computer model and simulation was found to 
accurately map these changes.  

Graphical Representation of Simulation 

 

 

  



  Derived from Madigan et al.  (reference 4) 

4. Conclusion

The mechanism driving the observed myocardial 
remodeling in astronaut hearts has been poorly 
understood. It has been suggested that the discerned 
increases in cardiac sphericity during microgravity 
exposure could result in reduction in wall stress in 
localized areas of the myocardium through the 
mechanism of a change in the radius of curvature as 
described by Laplace’s law [10]. However, the direct 
causal relationship between these cardiac shape changes 
and the observed remodeling is much too difficult to 
directly examine experimentally. A theoretical causal 
relationship is currently being investigated using a FEM 
model of the heart [11]. While this model has clearly 
demonstrated the direct causal impact of microgravity on 
cardiac shape changes, the next step of determining if 
these simulations can also reproduce the cardiac 
remodeling seen in astronauts has yet to be accomplished. 
The results presented in this current study suggest that 
this model can serve as a driving algorithm for defining 
myocardial plasticity in a FEM of the heart and can be 
used to examine the effect of various conditions on 
cardiac remodeling. Such a model will be used to further 
investigate the theoretical consistency of our hypothesis 
concerning the impact of prolonged microgravity 
exposure during spaceflight on myocardial remodeling in 
the human heart [10,11].  
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