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Pressure ulcers are debilitating wounds that arise frequently in people who have lost mobility.
Mechanical stress, oxidative stress and ischemia–reperfusion injury are potential sources of damage
during pressure ulcer formation, but cross-talk between these sources has rarely been investigated.
In vitro experiments with mechanically-induced cell damage previously demonstrated that non-lethal
amounts of static cell deformation could induce myoblast membrane permeabilization. Permeabilization,
in turn, has the potential to induce oxidative stress via leakage of calcium, myoglobin or alarmins. In this
work, we constructed a hypothetical causal network of cellular-scale effects resulting from deformation
and permeabilization, and we investigated the theoretical sensitivity of cell death toward various
parameters and pathways of the model. Simulations showed that the survival/death outcome was particularly sensitive to the speed of membrane repair. The outcome was also sensitive to whether oxidative
stress could decrease the speed of membrane repair. Finally, using the assumption that apoptosis and
necrosis would have opposite effects on membrane leakage in dying cells, we showed that promoting
apoptosis might under certain conditions have the paradoxical effect of decreasing, rather than
increasing, total cell death. Our work illustrates that apoptosis may have hidden beneﬁts at preventing
spatial spread of death. More broadly, our work shows the importance of membrane repair dynamics and
highlights the need for experiments to measure the effects of ischemia, apoptosis induction, and other
co-occurring sources of cell stress toward the speed of membrane repair.
& 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Pressure ulcers (PU) are painful, slow-healing wounds that
develop over bony prominences during periods of prolonged
immobility. Pressure ulcers can devastate the quality of life for
people who have poor mobility. Skin is the most common layer for
PU formation (Barczak et al., 1997; Vanderwee et al., 2007), and
without proper care, pressure ulcers can worsen by expanding
inward toward muscle and bone. Another category of pressure
ulcer progresses from muscle outward. Deep tissue injury (DTI)
occurs when prolonged mechanical force between bone and
muscle causes the muscle to necrose near the bone, while the
cutaneous layer remains intact. PU of muscle have been studied
in vivo using methods such as MRI, ultrasound, and histology (Aoi
n
Corresponding author at: Centre for Computational Biology, Duke-NUS Medical
School, 8 College Road, Level 5, 169857, Singapore. Tel.: þ 65 6516 7654.
E-mail address: Lisa.Tucker-kellogg@duke-nus.edu.sg (L. Tucker-Kellogg).

http://dx.doi.org/10.1016/j.jbiomech.2015.12.022
0021-9290/& 2016 Elsevier Ltd. All rights reserved.

et al., 2009; Bosboom et al., 2003; Linder-Ganz et al., 2007; Peirce
et al., 2000; Ruan et al., 1998; Stekelenburg et al., 2007; Strijkers et
al., 2005). We focus primarily on PU of muscle because they are
particularly severe and debilitating.
Previous work in the ﬁeld of myocardial infarction demonstrated that muscle tissue can survive prolonged periods of
ischemia but is more vulnerable to ischemia–reperfusion injury
(IRI) (Vanden Hoek et al., 1996). Ischemia–reperfusion injury can
damage cells through oxidative stress and production of free
radicals, particularly mitochondrial superoxide (Liu et al., 1997;
Shiva et al., 2007). Oxidative stress contributes to pressure ulcer
pathophysiology (Taylor and James, 2005), but the etiology of
pressure ulcers is more complex than ischemia or IRI alone. Studies using MRI to examine muscle perfusion and death during
combinations of ischemia–reperfusion and mechanical pressure
showed that the volume of necrosis induced by IRI alone was
much smaller than the volume of necrosis induced by the same
amount of IRI combined with mild but prolonged mechanical
pressure (Loerakker et al., 2011; Stekelenburg et al., 2007).
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Therefore, pressure ulcers are not simply due to IRI, and the
application of mechanical force is harmful, beyond its ability to
induce ischemia/IRI.
Although cultured muscle cells can survive large amounts of
mechanical deformation, small amounts of non-lethal deformation
(3–12% tensile strain) were sufﬁcient to induce permeability of
myoblasts toward ﬂuorescently tagged dextran molecules (Gefen
et al., 2008; Leopold and Gefen, 2013; Slomka and Gefen, 2012).
Mechanically-induced permeability allows efﬂux of intracellular
factors, and it also allows inﬂux of Calcium, due to the large gradient in muscle cells (0.05–0.1 mM intracellularly, mM–mM extracellularly). Although the sarcoplasmic reticulum (SR) can scavenge
excess Ca2 þ , high levels of Ca2 þ inﬂux cause SR stress, oxidative
stress (Gissel, 2005) and activation of calpains, which are calciumdependent, death-promoting proteases (Croall and DeMartino,
1991). Little is known about the cell stress and physiological
effects caused by non-lethal strain and partial permeability.
In a variety of ischemic injuries including pressure injury
(Stekelenburg et al., 2006; Stekelenburg et al., 2007) and burn
(Lanier et al., 2011; Singer et al., 2011a), the immediate death of
direct injury may be followed by delayed death of surrounding
tissue, a phenomenon of spatial progression or secondary damage
that is not yet well understood. Injury progression may be caused
in part by loss of perfusion (Hirth et al., 2013), oxidative stress
(Singer et al., 2011b), inﬂux of calcium (Duncan, 1978; Gissel,
2005), efﬂux of alarmins (Hirth et al., 2012) or other disruptions of
the environment. Efﬂux of alarmins means release of factors that
indicate injury or trigger inﬂammation, for example, extracellular
ATP (Killeen et al., 2013). Muscle cells have extremely high levels
(  5 mg/g of wet weight) of myoglobin (Möller and Sylvén, 1981),
a protein that can cause oxidative stress directly through pseudoperoxidase reactions (Moore et al., 1998; Reeder and Wilson,
2005), or indirectly through release of heme or iron into the
environment (Kumar and Bandyopadhyay, 2005; Solar et al., 1991).
Pressure ulcers in animals caused signiﬁcant release of myoglobin
(Makhsous et al., 2010). In this work we will use Myoglobin (Mb)
to represent any member of the class of diffusible intracellular
factors that can cause oxidative stress (potentially via inﬂammation) if released extracellularly. Likewise, we use Calcium (Ca) to
represent the class of extracellular molecules that can enter permeabilized cells to cause oxidative stress. The Ca category is very
similar to the Mb category, except they have opposite direction of
transport, and only extracellular factors are permitted to affect
neighboring cells. In our model, we assumed that internal and
external sources of oxidative stress are equivalent, because many
ROS molecules (such as H2O2) can be transported across the
membrane (Fisher, 2009; Miller et al., 2010). Hence, our model
differentiates between the Ca and Mb class of molecules in their
ability to diffuse but not in the nature of the resulting stress.
While membrane permeability can cause cell stress and cell
death, cell death is also able to affect membrane permeability.
During apoptotic death, cellular contents are packaged into
membrane-bound vesicles called apoptotic bodies, thereby blocking the release of alarmins and minimizing the inﬂammatory
response (Kerr et al., 1995; Kroemer et al., 2009). In contrast,
necrotic death causes lysis (rupture) of the cell membrane and
release of cellular contents, resulting in inﬂammation (Edinger and
Thompson, 2004; Mevorach et al., 2010). The threshold of injury
required for causing apoptosis is lower than for causing necrosis,
particularly in the case of oxidative stress (Hampton and Orrenius,
1997; Teramoto et al., 1999). However, apoptosis requires hours to
execute (Albeck et al., 2008a, 2008b; Goldstein et al., 2000; Saraste, 1999), whereas necrotic lysis can be instantaneous. In other
words, a cell that encounters increasing stress might initiate
apoptosis at an early time-point, but before the apoptotic program
can complete, the cell might succumb to necrosis. As a result,

induction of apoptosis can only prevent necrosis from occurring if
the environment is hospitable enough for the cell to remain viable
during the apoptotic delay.
When cells are damaged, they generally mount countermeasures, for example, membrane repair in response to membrane disruption. Important work in the lab of Arthur Mak (Duan
et al., 2015) performed non-lethal laser ablation, and discovered
that oxidative stress decreases the speed of membrane repair. In
other words, oxidative stress can impair endogenous countermeasures against mechanical stress. Because such experiments are
costly and labor-intensive, there is a need for theoretical work to
explore the landscape of potential cross-talk relationships and to
prioritize the choice of variables for future experimental studies.
In this work we study multiple stresses (mechanical force,
partial permeability, Ca inﬂux, Mb efﬂux, IRI) in the context of
dynamic competition between damage and repair, and we address
the following questions – (1) How sensitive is the total death to
each of the rate parameters in the model. (2) What are the individual contributions of permeability and oxidative stress to the
total death and how does feedback between the two impact the
system? (3) How do the apoptosis/necrosis divide and related
parameters affect the total death in the system? Our qualitative
model captures roughly 7 cellular-scale processes that may contribute to muscle injury during pressure ulcer formation, and
interconnects them in a causal network. Causal networks are
reviewed by Tenenbaum et al. (2011). Each causal network is
repeated in many cellular compartments over a 2-dimensional
space. The 2-dimensional space can be subjected to user-deﬁned
mechanical deformations, and we have provided a simple ﬁnite
element mesh with simulated force, to provide mechanical stimulus to the system.
Because very few experiments have yet been performed to
quantify the damage and repair processes we study, we performed
qualitative computational modeling, repeated many times across a
range of variable parameters. This method allows us to explore
regions of parameter space (e.g., combinations of stresses and
responses) that affect the relevant outcomes, and to identify
conﬁgurations of the system that may have interesting or nonmonotonic behaviors. Understanding why different variables may
have different relative inﬂuence over cell death may be useful for
prioritizing future experiments.

2. Model
The model consists of repeating hexagonal compartments over
a 2D plane. The hexagons are simpliﬁed abstractions of muscle
ﬁber cross-sections, where each hexagon is a myotube compartment. Each compartment has a set of (scalar) state variables, such
as membrane permeability. The dynamic competition between
state variables is governed by ordinary differential equations
(ODEs) with respect to time. The interdependence between variables and equations creates a causal network, described below. At
each step of the ODE simulation, transport processes allow
extracellular quantities to diffuse isotropically between adjacent
compartments. We call this the biochemical section of the model.
To study the interplay between biochemical effects and
mechanical effects, we require a physical strain ﬁeld. Other labs
have performed detailed ﬁnite element simulations for the effects
of force on different anatomical regions (Cheung et al., 2005;
Linder-Ganz et al., 2007; Linder-Ganz and Gefen, 2004; Makhsous
et al., 2007). However, in keeping with the highly simpliﬁed nature
of our model, we performed a ﬁnite element simulation with an
ellipsoidal region of force applied to a uniform elastic 2D mesh
[Supplementary Text 4] to obtain a measure for deformation of
each compartment. We call this the mechanical section of the
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model. The deformation variables appear in the ODEs, allowing
deformation to inﬂuence other state variables, but other state
variables to not affect the deformation.
The causal network model [Fig. 1A] includes the following
steps. Mechanical stress increases membrane permeability, which
causes efﬂux of Mb and inﬂux of Ca. Each of Mb and Ca can contribute to oxidative stress. Calcium and Mb also have associated
scavenging steps (simulated as ﬁrst-order degradation). Oxidative
stress also arises from reperfusion injury which is injected into the
system, starting if/when mechanical stress is removed. The effects
of ischemia on cell viability have been ignored because muscle
cells can adapt to oxygen and nutrient deprivation for 24–48 h,
whereas brief (3–4 h) ischemia followed by reperfusion can be
lethal (Gawlitta et al., 2007a, 2007b; Labbe et al., 1987). This
suggests that ischemia–reperfusion injury (IRI) is a more signiﬁcant contribution to cell death than ischemia alone. Death can
be caused by threshold levels of oxidative stress and/or permeability. Permeability and oxidative stress have associated repair
processes (membrane repair and anti-oxidants). The ODEs are
listed in the Section 3.
The ODEs can then be solved using a range of variable rate
coefﬁcients. Results can be visualized as in Fig. 1C. In this ﬁgure,
‘virtual’ strain was imposed on the central compartments (top
panel) leading to their death (indicated in black). This resulted in
Mb release around the dead cells (intensity shown in red in the
inter-cell spaces) that could cause oxidative stress in surrounding
cells (intensity shown in blue).

3. Methods
3.1. Kinetic modeling
A set of ODEs was constructed to simulate the dynamics of injury propagation.
Initial deformation values were obtained from FEM strain ﬁelds and were maintained at this constant value until the source of mechanical stress was removed,
after which the deformation was removed (via exponential decay). The change in
permeability was assumed to be a function of deformation and membrane repair
rate. The rates for Calcium and Myoglobin (Mb) transport across the membrane
were functions of permeability and scavenging. In addition, the Mb efﬂux was also
affected by transport from neighboring units. Oxidative stress was a function of Mb
and Ca levels, counteracted by the cell’s anti-oxidant response. The effect of oxidative stress on membrane repair was assumed to obey ﬁrst-order kinetics. While
it is possible that permeability might also affect rate constants of many processes
(such as removal of deformation) the direction of this effect is not obvious. For
example, it could either be assumed that permeability would increase the rate
constant for deformation removal (more ﬂuid membrane), or decrease this rate
constant (weakening of the cytoskeleton). Hence we have ignored the effect of
permeability on rate constants.
The approximate ranges of individual rate coefﬁcients were chosen empirically
by starting with an initial set of small values that resulted in 0% death and then
studying the sensitivity of death to individual rate coefﬁcients. The indices of the
rate coefﬁcients in the following ODEs correspond to the numbering of the arrows
in Fig. 1E.


d Permeability
¼ ð1  deathÞ
dt


 ðk1  DeformationÞ

k18
1þ RepairImpairment




 Permeability



d Deformation
¼ kcompression  removal  Deformation
dt


d Calcium
¼ k5  Permeability  k6  Calcium
dt


d Myoglobin
¼ k2  Permeability  k3  Myoglobin þ k21  Myoglobinneighbors
dt


d Oxid:Stress
¼ k4  Myoglobin þ k7  Calcium þ k9 þ k20
dt
Oxid:stressneighbors  k19  Oxid:Stress
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d½RepairImpairment 
¼ k12  Oxid:Stress þ k17  krectify_impaired_repair  RepairImpairment
dt
Death was deﬁned to be ðPermeabilityÞ 4 Perm threshold OR ðOxidative stressÞ 4
Oxid threshold:
If either Permeability or Oxidative stress exceed their respective apoptotic threshold
(which was lower than the necrotic threshold), countdown timer was begun, representing apoptotic signaling prior to apoptotic death. If Permeability or Oxidative stress
exceeded their respective necrotic thresholds within the time allotted for apoptosis to
complete, the cell would die by necrosis. Necrosis resulted in 100% permeability for that
compartment. Apoptosis was assumed to result in 0% permeability (meaning no further
inﬂux or efﬂux) for that compartment. All ODEs were implemented using MATLAB.
3.2. Choice of Parameters
To obtain plausible rate parameters, we compared model simulations against
experimental studies of skeletal muscle death (Gawlitta et al., 2007a). Figure 7 from
their study shows apoptosis and necrosis in a skeletal muscle after 20% or 40%
compressive strain (Fig. 2A and B). We then varied parameters of our model so the
simulations would mimic the experimental trends (Fig. 2C and D), using RMSD to
measure ﬁt. Because the model has many unknowns, the parameter values are
under-determined. Nevertheless, we adopted this set of parameters as our reference model [Supplementary Table 6], because our goal is to explore qualitative
trends rather than absolute quantiﬁcation.

4. Results
4.1. Importance of repair
Fig. 1A displays the causal network used as our preliminary
model. Rate coefﬁcients were initialized to the arbitrary value of
0.1. We then performed screening simulations, varying each of the
rate parameters over a range of values, to observe the relative
impact of different rates toward total amount of death. Screening
showed that total death was most sensitive to the rate of membrane repair (Fig. 1D). The outcome was also sensitive to the rates
of Mb and Ca transport (Fig. 1D left), which affected spatial spread
of injury. We also found the outcome was sensitive to the rate at
which IRI induces oxidative stress (Fig. 1D left), but this ﬁnding
should be tempered by the extreme simpliﬁcation of IRI in the
model: IRI contained no ﬁxed time limit, so IRI was able to cause a
very large effect when the simulations allowed it to occur over a
long (unrealistic) period of time. We conclude that the membrane
repair rate merits closer study.
In the preliminary model, repair speed was constant, but in
reality repair would be affected by various forms of cell stress such
as oxidative stress (Duan et al., 2015), an effect we view as
“feedback” from the biochemistry toward the mechanics. We
expanded the preliminary model to elaborate upon the potential
regulation of membrane repair. The full model (Fig. 1E) allows
oxidative stress and apoptotic signaling to impair the process of
membrane repair. The full model discriminates between apoptotic
and necrotic death, because during the delay between initiating
and completing apoptosis, caspase enzymes digest cytoskeletal
proteins such as actin, gelsolin, and focal adhesion kinase
(Kothakota et al., 1997; Nicholson, 1999) and we speculate that
membrane repair and cytoskeletal remodeling capacity would
decrease during apoptosis. Unknown parameters were estimated
(Fig. 2) as described in Section 3.
4.2. Redox-mechano interplay
To study the interplay between mechanical and biochemical
forms of stress, we performed simulations while removing sets of
edges from the full model as shown in Table 1. To assess the
impact of oxidative stress, we constructed model E1, which is
identical to the full model (E0) except it lacks the ability of permeability to trigger death. E2 is identical to E1 except it also lacks
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Fig. 1. Development of the model. (A) Simple network showing causal relationships between cellular processes during PU. Death is deﬁned as a state that has no change in
the ﬁnal permeability value and results in continued transport of molecules across membrane. (B) Illustration of the ﬁnite element module used to compute deformation of
cells. The panel shows the plane of hexagonal compartments with the ﬁnite element mesh overlaid (top), application of external load (middle) and the deformed plane of
cells (bottom). (C) Visualization of cell states at early (top) and late (bottom) time points during an illustrative simulation. Dead cells are shown in black, the amount of
myoglobin efﬂux is displayed in the intercellular space in red, and the amount of oxidative stress is shown in blue. (D) Early simulations indicating the sensitivity of death to
the rate parameters. The panels on the left and right show the sensitivity of death to pro-death and anti-death parameters, respectively. Mb efﬂux and Mb contribution
toward oxidative stress proved to be the most damaging, while membrane repair proved to be the most effective at promoting survival. (E) Full model including two forms of
death, plus inhibition of membrane repair by oxidative stress and apoptotic signaling. Each reaction is assigned a number which also labels its rate coefﬁcient in the model.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 2. Calibrating the model from experimental measures of apoptotic and necrotic death. (A) Percentage of necrotic and apoptotic cells in skeletal muscle subjected to 20%
compression. Data obtained from Figure 7 of Gawlitta et al. (2007a) as described in Section 3. To obtain an estimate of injury-dependent death we subtracted death in
unstressed control cells from the death in compressed cells. (B) Percentage of necrotic and apoptotic cells in muscle subjected to 40% compression. Data obtained as above
from Figure 7 of Gawlitta et al. (2007a). (C) Percentages of apoptotic and necrotic death in our best-performing model under conditions of low deformation-induced
permeability (k1 ¼ 4). (D) Percentages of apoptotic and necrotic death in our best-performing model under conditions of high deformation-induced permeability (k1 ¼ 8).

Table 1
List of experiments performed to understand the interplay between mechanical
and redox stress.
EXPERIMENT NAME

SYMBOL

REMOVED EDGES

Full model
Death by Oxid Only
Death by Oxid, No Feedback
Death by Perm Only
Death by Perm, No Efﬂux, No Oxid
No Feedback

E0
E1
E2
E3
E4
E5

none
13,14
12,13,14
10,11
2,4,10,11,12,20,21
12

feedback, namely the ability of oxidative stress to decrease repair.
E3 was designed to assess the impact of permeability, by blocking
the ability of oxidative stress to trigger death. E4 is like E3 but it
also blocks all biochemical effects, including feedback, Mb efﬂux,
and diffusion to neighboring compartments. E4 is mathematically
equivalent to removing edges (2–7, 10–12, and 19–21). Model E5 is
identical to the full model E0 except it lacks feedback.
For each experiment, we performed repeated simulations over
a range of two pro-survival parameters: membrane repair of
mechanical damage (k18), and anti-oxidant repair of biochemical
damage (k19). Fig. 3A–D vary the pro-survival parameters while

comparing each of the modiﬁed models E1–E4 against the full
“control” model, E0. For each comparison, we computed the difference in fraction of total death across all cells at the end of the
simulation (yielding a number from 0.0 to 1.0). Fig. 3A (E0 minus
E1) has near-zero differences for nearly all values of the prosurvival parameters, indicating that death was hardly affected by
blocking the ability of permeability to kill cells directly. In some
cases, removing the ability of permeability to contribute to death
(E1) resulted in greater death than control (E0). This occured
because cells that would have died apoptotically in E0 (as a result
of permeability) were instead dying necrotically in E1, resulting in
greater environmental toxicity. Fig. 3B (E0 minus E2) resembled
3 A except with higher values for the difference in total death. This
indicates that feedback contributed signiﬁcantly to total death for
all combinations of the pro-survival parameters. Feedback was
particularly important in contexts with weak anti-oxidant repair.
Fig. 3C (E0 minus E3) showed that, in contexts with weak antioxidant response, the total amount of death was signiﬁcantly
affected by blocking the ability of oxidative stress to kill cells
directly. Fig. 3D (E0 minus E4) shows that removing the entire
biochemical section of the model caused dramatic alteration of
total death, particularly for low antioxidant systems that would
otherwise exhibit a high rate of death.
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Fig. 3. Total death in the full model versus truncated models. See Table 1 for the naming of truncated models. (A–D) Differences between the full model (E0) and models E1–
E4 in total cell death over the entire simulated region, computed for a range of values for the membrane repair rate (X-axis) and antioxidant response rate (Y-axis). Small
differences in total death are shown in cooler colors and large differences are shown in warmer colors. (A) Full model versus model E1 (in which death can only be caused by
oxidative stress). (B) Full model versus model E2 (in which there is no feedback and death is determined only by oxidative stress). (C) Full model versus model E3 (in which
death is determined only by permeability). (D) Full model versus model E4 (which has no biochemical section). All simulations were run for 150 time steps. Membrane repair
rate and antioxidant response were varied in the range [0.05–0.5], with a total of 100 simulations per model, followed by interpolation. (E) Isobologram for total death ¼50%,
indicating the synergy between membrane repair and antioxidant response in experiment E0. (F) Isobologram for total death ¼50%, indicating the synergy between
membrane repair and antioxidant response in experiment E5. (G and H) are the same as (E and F) except for having force¼ 12 and k1 ¼ 4, instead of force¼ 20 and k1 ¼ 8. In all
isobologram plots, the synergy is quantiﬁed by the gray area, which is the fractional area of the triangle enclosed by the curve. (For interpretation of the references to color in
this ﬁgure, the reader is referred to the web version of this article.)
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Fig. 4. Effect of apoptosis on fraction of death. Apoptosis threshold was varied in the range 0.5–7 in increments of 0.5 while necrotic threshold is ﬁxed at 10. All simulations
were run for 150 time steps. (A) As the apoptosis threshold is increased, the fraction of death decreases until an apoptosis threshold (4 in this case) is reached, and then
increases again. Results show the proportions of necrotic death (black) and apoptotic death (magenta) in each experiment. (B) Results from the same experiment as
(A) showing proportions of permeability-induced death (green) and oxidative stress-induced death (blue) in each experiment. Comparing (A) and (B) indicates that death is
more oxidative-stress driven. (C) 2D phase diagram of results from same experiment as (A). The phase diagram shows regions dominated by either necrosis (black), apoptosis
(magenta) or survival (green). As distance from the mechanical load increases, the fraction of apoptotic cells increases. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

The pro-survival parameters for membrane repair (k18) and
anti-oxidant response (k19) are each capable of improving survival
(Supplementary Fig. 1), so they might be considered for hypothetical drug therapies. To understand the additivity or synergy
between these variables, we plotted isobolograms (Fig. 3E and F)
for the full model (E0, left) and for the model without feedback
(E5, right). Isobolograms are used in toxicology for analyzing
interactions between pairs of treatments (Tallarida, 2006). In brief,
isobolograms are deﬁned by plotting all combinations of doses
that cause 50% of a given downstream readout—in our case, 50%
cell survival. Isobolograms display a straight line if (and only if) the
two variables contribute additively. Fig. 3F and G shows that

isobolograms for our models (black lines) differ strongly from the
diagonal line (blue) of an additive response, indicating strong
synergism (greater-than-additive effect) from the combination of
membrane repair and antioxidant response. Synergy was computed as the percentage of the shaded area in the blue triangle.
The synergy of the two treatments in the full model (E0) was
much less than in the model without feedback (30.24% versus
50.67%) indicating that feedback contributed to the synergy
between the pro-survival mechanisms. However, when the
external force and the rate of deformation-induced permeability
were decreased, there was an opposite trend (Fig. 3G and H), and
E0 showed higher synergy between repair mechanisms than E5.
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Video 1. Apoptosis_threshold_simulation. A video clip is available online.Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.
jbiomech.2015.12.022.

This indicates that the impact of feedback on synergism depends
on the context, and would not be robust across different parameterizations of the model. Against our expectations, treatment
regimens may be able to achieve synergistic beneﬁts, without
necessarily depending on the feedback phenomenon of redoxdependent disruption of repair.
4.3. Effect of death variables
Because therapeutics to inhibit apoptosis are under active
research for chronic wounds such as pressure ulcers, we studied
the effects of promoting or inhibiting apoptosis, by simulating
networks with higher or lower thresholds for induction of apoptosis. The apoptotic threshold is the amount of damage (oxidative
stress or permeability) that sufﬁces cause initiation of apoptosis. In
our simplistic model, apoptotic death occurs at a ﬁxed time after
initiation of apoptosis, unless necrotic death occurs ﬁrst.
A combinatorial scan of multiple rate coefﬁcients showed that
promoting apoptosis could increase total death, as expected, but in
some cases could have the indirect effect of decreasing total death.
The left side of Fig. 4A shows that increasing the apoptotic
threshold decreased the amount of apoptosis and the total amount
of death, but the right side of Fig. 4A shows that further inhibition
of apoptosis caused total death levels to rise, due to increased
necrosis. To understand the source of increased necrosis, we
separated death by whether it was triggered by oxidative stress,
permeability. We found that death was dominated in all cases by
oxidative stress. We believe that mechanically-induced permeability may be unavoidable in heavily loaded regions, but more
distant regions (secondary damage) would depend in part on
diffusible factors (such as Mb and oxidative stress) that are
strongly increased by necrosis but not by apoptosis. To test whether the survival beneﬁt of promoting apoptosis is localized to
regions of secondary damage, we plotted apoptosis threshold
versus distance from mechanical load [Fig. 4C]. In this scenario,
central regions succumb to necrosis regardless of how apoptosis is
regulated, but peripheral regions require an optimal level of
apoptosis, neither too high nor too low, for maximum rate of
survival (green).

5. Discussion
We developed a causal network model to study the interplay
between mechanical and biochemical inﬂuences toward cell stress
and cell death, and we provided a simple 2D framework for preliminary simulations of spatial effects and secondary damage.
Using this model, we performed qualitative simulations over a

range of unitless parameter values, and we added/deleted pathways of interest. From these simulations we obtained some key
insights: (1) Homeostatic processes, particularly membrane repair,
could have a tremendous impact on the amount of tissue damage,
and we recommend that future experiments prioritize studying
loss of repair, to compensate for previous bias toward studying
induction of damage. (2) Isobologram analysis showed that oxidative stress and mechanical stress were theoretically capable of
great synergy, but the amount of synergy and the pathways contributing to synergy depended strongly on the context and the
model parameters. Antioxidant therapies should be studied further, given the importance of antioxidant response in our simulations. (3) The contribution of apoptosis to total death was a
combination of detrimental and beneﬁcial effects. Although
apoptosis can kill cells that would otherwise be viable, it also has
the potential to limit permeabilization of cells that would otherwise lyse. To generalize, apoptosis is beneﬁcial to tissue viability
only when its thresholds and delays are optimally matched to
occur before necrosis, and only in cells that would otherwise
necrose. Therefore, therapies that target apoptosis might be most
beneﬁcial to tissue viability if they can be tailored to rectify the
mismatch between apoptosis and necrosis, meaning they should
allow (or promote) apoptosis in cells that are doomed to die, but
not beyond. Biochemical tools exist to increase or decrease
apoptotic signaling broadly, but the true challenge is to tailor the
apoptotic threshold so it accurately predicts and precedes the
necrotic threshold.
The qualitative results obtained from our model show possibilities of what might happen when underlying events occur with
particular rates. In this way, the modeling is like low-resolution
imaging, showing a wide scope of interest but with low precision.
Future work might improve the strain computation by using a 3D
FEM model and by differentiating between compaction and dilatation. In simultaneous research, our team is performing microscopy of muscle injury in ﬂuorescent mice, an approach that
provides enormous amounts of information but with narrow
scope and with limited ability to perturb combinations of variables. In any scientiﬁc discipline where experimental studies
require many years to provide narrow observations, theoretical
research and hypothesis papers advance the scientiﬁc method by
delineating patterns that might be observable, by speculating
potential mechanisms for unexplained phenomena, and by simulating concrete scenarios that can fuel scientiﬁc discourse. Our
computational modeling has provided such beneﬁts by highlighting the importance of three under-appreciated factors in
pressure ulcer formation: membrane repair speed, oxidative
feedback toward repair speed, and the divergent effects of apoptosis and necrosis toward membrane permeability.
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