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a b s t r a c t 

Pressure ulcers (PUs) are a major clinical concern affecting more than 2.5 million adults annually in the 

US. Ischemia is recognized as one of the most important contributors to ulcer formation, triggering a 

sterile inflammatory cascade that culminates in necrosis of native skin cells and ulceration. While there 

is a general understanding of the biological elements involved in this process and their interdependence 

within the biological PU signaling network, this system’s spatio-temporal dynamics have not yet been 

studied in detail. Here we first present a 0D mathematical description of the PU regulatory network con- 

sisting of two cell types – keratinocytes and neutrophils- and six chemical species – TNF α, KC, ROS, 

DAMPs, O 2 and XO. We extend this regulatory network from a set of ordinary differential equations to 

realistic spatial domains by coupling each species’ dynamic equations to reaction diffusion partial differ- 

ential equations. Furthermore, we couple this model to mechanical deformation of the spatial domain by 

including a pressure-sensitive oxygen perfusion term. The total model provides solutions to the regulatory 

network dynamics at the tissue scale with spatio-temporal detail on the evolution of each species. Among 

other features, the model correctly predicts patterns of PU formation in response to moderate loads, as 

seen clinically and experimentally. In conclusion, this work extends our current PU modeling capabili- 

ties and improves our understanding of PUs by carefully analyzing the motifs of the regulatory network 

and by exploring the implications of coupling this system to a tissue scale model of skin mechanics and 

oxygen perfusion. 

© 2019 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Pressure ulcers (PUs) are a major health care burden that af-

fects more than 2.5 million adults in the US yearly [1] . These num-

bers are likely to grow in the future as the older population, which

is most susceptible to PUs, is growing rapidly [2,3] . The main fac-

tors implicated in PU formation are now relatively well understood

[4] . Specifically, pressure-induced ischemia and the ensuing, self-

sustaining inflammatory cascade lead to chronic inflammation and

ischemic injury [5–8] . 

Skin is comprised of two layers, the epidermis, which is the

most superficial layer, and the dermis, underlying the epidermis

and making up the bulk of the tissue. The epidermis is comprised

itself of two layers, the stratum corneum and the viable epidermis.
∗ Corresponding author at: School of Mechanical Engineering, Purdue University, 

West Lafayette, IN, USA. 
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nly the latter is populated with living keratinocytes [9] . Because

he epidermis lacks direct blood supply, keratinocytes depend on

xygen diffusion from the dermis, which is highly vascularized

10,11] . When external pressure is applied to the skin, the micro-

essels embedded in the dermis may undergo non-affine deforma-

ions and collapse [12–15] . The occlusion of the dermal vasculature

hen leads to a drop in blood perfusion, which causes ischemia

nd renders the tissue hypoxic, i.e., causes a drop in partial oxygen

ressure. In response to hypoxia, native skin cells release chemo-

actic signals, primarily Keratinocyte Chemokine (KC) and mono-

yte chemoattractant protein 1 (MCP-1), which attract neutrophils

nd macrophages [16] . Subsequently, neutrophils infiltrate the tis-

ue and release tumor necrosis factor alpha (TNF α), which leads to

eratinocyte death. Keratinocyte necrosis, in turn, releases damage

ssociated molecular patterns (DAMPs) which further recruit neu-

rophils, initiating a perpetual cycle of inflammation that eventu-

lly leads to ulcer formation [17] . The neutrophil population can

lso contribute to a sudden increase in reactive oxygen species

https://doi.org/10.1016/j.mechrescom.2019.05.003
http://www.ScienceDirect.com
http://www.elsevier.com/locate/mechrescom
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mechrescom.2019.05.003&domain=pdf
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ROS) in what is referred to as an oxidative burst [18] . Moreover,

uring ischemia xanthine dehydrogenase (XDH) is converted into

anthine oxidase (XO) [19] , which produces the ROS superoxide

nion and hydrogen peroxide [20] . ROS further contribute to cell

ecrosis. 

To better understand PU formation and progression, mathe-

atical models have been developed, among them agent based

odels. They are useful and convenient as their implementation

s relatively straight-forward and they are based on the observable

iological behavior of individual cells [21] . However, it is difficult

o analyze the signaling network topology from these models.

athematical models based on ordinary differential equations

ODEs) provide an alternative to studying the dynamics of a cell

egulatory network [6] . An advantage of the ODE approach is the

bility to study the network motifs and their implication for the

verall dynamics of the system. Furthermore, ODE descriptions

ay be a stepping stones towards developing more complex and

ealistic models that can capture spatio-temporal dynamics [22] ,

s shown here in a PU formation model. 

. Materials and methods 

.1. Inflammation network model (0D) 

The system consists of two cell populations and six chemical

oncentrations ( Fig. 1 a). Specifically, we include the cell species

eratinocytes ( ρk ) and neutrophils ( ρn ). Additionally, we include

he chemical species oxygen ( Ox ), KC and MCP-1 ( Kc ), DAMPs ( Da ),

NF α ( Ta ), ROS ( Ro ), and XO ( Xo ). Cell numbers or chemokine

oncentrations are generally reported as non-dimensional val-

es. Therefore, to compare our model to published experimen-

al work, here all variables are considered non-dimensional. For
ig. 1. a) Regulatory network implicated in pressure ulcer formation. Keratinocytes 

 ρk ) respond to low oxygen ( Ox ) by releasing keratinocyte chemokine ( Kc ), which 

ecruits neutrophils ( ρn ). Neutrophils produce TNF α ( Ta ), which impairs ker- 

tinocyte proliferation and results in production of DAMPS ( Da ). Chemical signals 

O ( Xo ) and ROS ( Ro ) also contribute to keratinocyte necrosis. b) Tissue scale ax- 

symmetric model with coupled skin mechanics, oxygen transport, and reaction- 

iffusion equations capturing the regulatory network and three explicit skin layers. 

ote, pressure is applied at the top of the domain. 
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eratinocytes, ρk = 1 is the healthy state while for the inflamma-

ory cells ρn = 1 is the upper bound during ulceration. We define

hysiological partial oxygen pressures as Ox = 1 . The inflammatory

pecies T a, Ro = 1 correspond to a state of chronic ulceration. For

o we assume that it falls in the range [0,1], with a typical value

o = 0 . 15 [20] . 

.2. Modeling cell populations 

The keratinocyte population evolves in time according to

6,21,23,24] 

˙ k = p k · Hi (Ox ) · ρk ·
(

1 − ρk 

ρk,max 

)

− d k · (1 + λk,Ta Hi (T a ) + λk,Ro Hi (Ro)) · ρk . (1) 

he parameter p k = 0 . 028 [1 / h] is the production rate [25] . The

unction Hi ( X ) is a sharp Hill function capturing the decrease in

roliferation following hypoxia, 

i (X ) = 

X 

n 

X 

n 
h 

+ X 

n 
, (2) 

ith X h being the concentration at which Hi (X h ) = 0 . 5 , and n be-

ng a parameter that dictates how fast the function changes from

ero to one. Based on [26] keratinocytes proliferation drops when

xygen falls below 40% of physiological values. Thus we set Ox h =
 . 2 , and n = 4 . We chose the basal apoptosis rate as d k = 0 . 014

o satisfy ρk = 1 under healthy conditions. Moreover, based on re-

orted data, we set ρk,max = 2 [23] . The decay rate of keratinocytes

s increased by Ta and Ro through a sum of Hill functions [6] . The

arameters associated with increased necrosis of keratinocytes in

esponse to inflammation are the concentrations X h and the mul-

ipliers λ, which are the main degrees of freedom in this model.

or Hi ( Ta ), λk,Ta is bound to be in the range [0.1,0.35] [27–29] . Sim-

larly, for Hs ( Ro ) λk,Ro is bound to be in [0.1,0.4] [30,31] . In all cases

e set X h = 0 . 5 and n = 3 . 

The neutrophil population is described via 

˙ n = p n · (1 + λn,Da Hi (Da ) + λn,KC Hi (Kc)) 

·ρn ·
(

1 − ρn 

ρn,max 

)
− d n · ρn . (3) 

eutrophils respond to damage proteins Da [32] and the chemo-

actic signal Kc . We assume that the neutrophil population satu-

ates at ρn,max = 2 [24] . The apoptosis rate is on the order of d n =
 . 14[ 1 / h] [33] . Chronic wounds show more than 40-fold increase in

eutrophil numbers requiring λn,Da Hi (Da ) + λn,KC Hi (Kc) ≥ 1 . The

roduction rate is calculated to be p n = 0 . 141 [1/h to satisfy ρn =
 . 025 in healthy skin. For the DAMPs activation we set X h = 0 . 3 for

i ( Da ), and X h = 0 . 5 for Hi ( Kc ) and the exponent to n = 3 in both

ases. As a starting point we choose λ = 0 . 5 for both functions. 

.3. Modeling inflammatory variables 

TNF α is produced by neutrophils [34] according to 

˙ 
 a = p c · ρn − d c · T a. (4) 

he decay of this and other chemokines is set to d c = 0 . 144 [1 / h]

24] . Neutrophils are recruited in response to MCP-1 and KC [16] .

ere we consider the action of both chemokines in the single vari-

ble Kc which evolves in time according to 

˙ c = p c · Hi (1 − Ox ) · ρk − d c · Kc, (5)

here the function Hi (1 − Ox ) has X h = 0 . 4 . In addition to KC, neu-

rophils also infiltrate the wounded tissue following the release of
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DAMPs, here lumped into the variable Da by 

˙ Da = p a · (λk,Ta Hi (T a ) + λk,Ro Hi (Ro)) · ρk − d c · Da, (6)

where the production follows from keratinocyte death due to in-

flammation and ROS, but ignores regular apoptosis [35] . The pro-

duction rate is set to p a = 0 . 23 [1/h]. 

ROS are produced by two main sources, XO and neutrophils

[36] . XO can lead to ROS production at a rate of 40 nmol/min

[20] . Neutrophils produce 30 nmol/min [20] at ρn = 1 , Ox = 1 . We

model these processes as 

˙ Ro = p R,X · Hi (Xo) · Ox + Hi (Ox ) · p R,n · ρn − d R Ro, (7)

where it should be noted that ROS production requires oxygen.

Neutrophils produce ROS only if the oxygen concentration is at

least 30% of physiological values [37] . This is captured with the

function Hi ( Ox ) with parameters X h = 0 . 6 and n = 4 . We normalize

ROS production based on reported data [18] , obtaining p R,n = 0 . 036

[1/h] and Hi (Xo = 1) of 0.048 [1/h]. Moreover, we estimate the de-

cay rate as d R = 0 . 084 [1/h]. 

The total concentration of XO and XDH is assumed fixed and

their sum equaling one [38] . Thus, we model Xo as 

˙ Xo = (1 /τ ) · (1 − Hi (Ox )) · (1 − Xo) − d X Xo. (8)

The time constant τ is on the order of a few hours, e.g., 2–6 [20] .

We enforce physiological Xo = 0 . 15 by setting X h = 0 . 25 in Hi ( Xo )

in Eq. (7) . 

2.4. Tissue scale finite element model (3D) 

From a mechanical perspective, skin is a multilayered compos-

ite material with nonlinear mechanical behavior [39,40] . Specifi-

cally, the dermis is comprised of an anisotropic, dense interweav-

ing collagen fiber network, characterized by an exponential stiff-

ening response under tension [41] . As a consequence, the der-

mis is the primary load bearing member of skin under tension

[42,43] . However, given that the fiber dispersion in the dermis is

large [44] , and that fibers contribute minimally to the strain en-

ergy under compression [45] , we assume in the following that

skin behaves isotropically under compression. Moreover, while skin

would be most accurately modeled as a biphasic material, as a

first approximation, we chose skin to behave according to a hy-

perelastic material with slight compressibility. Indentation experi-

ments have previously demonstrated that the viable epidermis and

the stratum corneum are also of mechanical importance. Fig. 1 b

shows an axisymmetric model of skin detailing its layers includ-

ing their resident cell- and chemical species. We model the stra-

tum corneum as having a thickness of 0.02 mm, the viable epider-

mis as having a thickness of 0.1mm, and the dermis as having a

thickness of 1.38 mm [39,46,47] . The entire domain has a radius

of r 0 = 25 mm. We model all three skin layers as a Neo–Hookean

material [43] , 

� = C 10 ( ̄I 1 − 3) + 

1 

D 1 

(J − 1) 2 , (9)

where C 10 = μ/ 2 , μ is the shear modulus, with D 1 = 1 /K, where K

is the bulk modulus of the material. While all three layers of the

model are described by a Neo–Hookean strain energy, we assign

different value of the shear modulus to the layers based on pre-

vious reports in the literature. For the dermis, we use μ = 75 kPa

and K = 350 kPa [48] . The viable epidermis is approximately 3–10

times stiffer compared to the dermis, as measured under inden-

tation by Geerligs et al. [49] . We thus assign μ = 200 kPa for the

epidermis. These authors also report that the stiffness of the stra-

tum corneum is comparable to that of the epidermis under com-

pressive loading [49] . 
To initiate ulcer formation in our model, we apply compres-

ive loads on the tissue domain along r ∈ [0, 5]mm on the stra-

um corneum z = 1 . 5 mm in the form of a pressure bound-

ry condition. The bottom of the domain is fixed in z -direction,

 z = 0 . 

Furthermore, we assume the oxygen concentration in the skin

ayers to obey a homogenized diffusion equation. The reaction dif-

usion equation for partial oxygen pressure in the current configu-

ation is therefore 

dP O 2 
dt 

+ ∇ · q = s P O 2 , (10)

here the flux term q = −Dα∇P O 2 , with diffusivity D and solu-

ility α. Values of D = 1 . 5 × 10 −3 mm 

2 /s and α = 3 × 10 −5 mm 

3 O 2 /

m 

3 mmHg are used in the bottom two layers of the model,

nd values an order of magnitude less, D = 1 . 5 × 10 −4 mm 

2 /s and

= 3 × 10 −6 mm 

3 O 2 / mm 

3 mmHg , are used in stratum corneum

50,51] . 

Deformation is linked to the partial oxygen pressure through

he source term s P O 2 
. Compressive strain in the tissue is believed to

rive microvascular collapse inducing ischemia and hypoxia [52] .

ased on our other work on multiscale models of pressure ul-

er initiation, we assume the following relationship for the oxygen

ource term: s P O 2 
= 

ˆ φs o , with s o = 0 . 8 × 10 −5 s −1 and 

ˆ φ, a function

btained from simulations of microvascular collapse, 

ˆ = −14 . 061 ε3 
z + 7 . 5901 ε2 

z − 2 . 926 εz + 0 . 992 . (11)

herefore, as applied pressure compresses the tissue, the normal

train component εz drives the reduction in the oxygen through

he source term. More details about the derivation of this coupling

unction are provided in the Appendix. 

Moreover, the stratum corneum is exposed to the atmosphere

nd P O 2 = 160 mmHg is enforced at z = 1 . 5 mm everywhere ex-

ept along r ∈ [0, 5]mm. Since the vessel tree extends all the way

o the bottom surface, we anticipate that the oxygen concentra-

ion at the bottom interface will also depend on the local defor-

ation. Thus, in line with the scaling of the source term inside

he domain, the bottom surface is subject to an essential bound-

ry condition with a similar scaling P O 2 = 65 ̂  φ mmHg. A normal-

zed oxygen variable is derived based on partial oxygen pressure in

he tissue by normalizing with respect to the physiological value,

 2 = P O 2 / 65 mmHg. 

Similar to oxygen, each of the cell and chemical species obeys

 reaction-diffusion equation, which in the current configuration

akes the form 

dc i 
dt 

+ ∇ · q i = f i , (12)

here c i is the concentration of each of the species. The source

erm f i follows directly from the ODE equations describing the

ystem dynamics introduced before. The flux term q i = −D i ∇c i is

f Fickian nature. We don’t consider migration of keratinocytes

ithin the epidermis; hence, D ρk 
= 0 . Neutrophils have diffusivity

 ρn = 1 × 10 −9 cm 

2 / s [53,54] . We use D i = 1 × 10 −6 cm 

2 / s for the

hemical signals [53,55] . 

. Results 

.1. Keratinocyte–neutrophil subsystem 

The motif involving the neutrophils and keratinocytes is a

omposite negative feedback loop that stabilizes the signal and

roduces a robust steady state. Fig. 2 a, shows the nullclines of

he subsystem, ˙ ρ = 0 , ˙ ρn = 0 , in the phase-space ρ − ρn . The
k k 
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Fig. 2. Analysis of the circuit involving only the keratinocyte and neutrophil cell populations. a) The simplest possible subsystem considering only the direct interaction 

between keratinocytes and neutrophils. The two nullclines, ˙ ρn = 0 in red, and ˙ ρk = 0 in blue, are plotted in the phase space. There is a single steady state at (0.025, 1). b) 

The stable point moves in the phase portrait for an extended subsystem as a function of oxygen concentration. The extended subsystem accounts also for ROS and KC. c) 

The steady state of neutrophil and keratinocyte densities as a function of oxygen. (For interpretation of the references to color in this figure legend, the reader is referred to 

the web version of this article.) 

Fig. 3. a) Analysis of the network when the parameter λn,Da is modified. λn,Da controls the recruitment of neutrophils in response to DAMPs. b) Analysis of the circuit when 

the parameter λn,KC is modified. This parameter controls the sensitivity of neutrophils to the KC signal. c) Analysis of the circuit when the parameter λk,Ta is modified. This 

parameter controls the necrosis of keratinocytes and is produced by infiltrating neutrophils. 

i  

1  

t  

s  

t  

A  

n  

s  

t  

c  

t  

p  

r

 

r  

v  

p  

s  

b  

h  

p  

e  

F

a  

t  

t  

i  

T  

i  

i

3

 

t  

s  

0  

t  

p  

T  

f  

r  

t  

e  

g  

m  

c

 

p  

s  

o  

fi  

p  

6  

o  

o  
ntersection of the nullclines represents the steady state at ρk =
 . 0 and ρn = 0 . 025 . The inset in the middle panel shows the ex-

ended network including oxygen, KC, and ROS. We compute the

teady state at different oxygen values. Fig. 2 b thus shows how

he steady state moves in the phase space as oxygen decreases.

lternatively, Fig. 2 c depicts the steady state of keratinocytes and

eutrophils as a function of oxygen. Keratinocyte population den-

ity decreases, first slowly and then very rapidly, as oxygen starts

o approach Ox = 0 . 2 . At Ox = 0 . 2 , the cell proliferation rate is

lose to zero and the keratinocyte population vanishes. The neu-

rophil density shows an increase as oxygen levels decrease and

eaks at Ox = 0 . 38 , before starting to decrease as oxygen is further

educed. 

The analysis illustrated in Fig. 2 is based on the baseline pa-

ameters. We now investigate the sensitivity of the parameters in-

olved in this subsystem. Recall that the recruitment of neutrophils

eaks when λn,Da Hi (Da ) + λn,KC Hi (Kc) ≥ 1 . Our initial guess was

imply λn,Da = λn,KC = 0 . 5 . In Fig. 3 we vary the relative weights

y changing λn,Da . The sensitivity analysis is shown in Fig. 3 a. The

igher the influence of DAMPs in neutrophil recruitment, the more

ronounced the peak of the neutrophil population. The expected

ffect on the keratinocyte population is a gradual shift downwards.

ig. 2 b and c show the sensitivity analysis for the parameters λn,Kc 

nd λk,Ta , respectively. The parameter λn,Kc enters the Hill func-

ion Hi ( Kc ) in Eq. (3) , and controls the sensitivity of neutrophils to

he KC signal produced by keratinocytes. Consequently, an increase

n this parameter leads to an increase in the neutrophil numbers.

he parameter λn,Kc enters the Hill function Hi ( Ta ) in Eq. (1) . An
ncrease in λn,Kc leads to a drastic reduction in keratinocyte viabil-

ty with decreasing oxygen. 

.2. Pressure ulcer formation at the tissue scale 

Fig. 4 summarizes the results of the tissue scale model with

he baseline parameters. All contour plots correspond to the steady

tate response. Three values of applied pressure are considered:

, 60 and 120 kPa. Fig. 4 a shows the concentration contours of

he normalized oxygen concentrations. When no pressure is ap-

lied, we recover the physiological oxygen concentration Ox = 1 .

he middle contour in Fig. 4 a corresponds to a load of 60kPa. De-

ormation of the center-domain leads to a compression-induced

eduction in the oxygen source term. Accordingly, the center of

he domain shows a drop in oxygen concentration consistent with

xperimental reports [14] . As the pressure is increased, the oxy-

en concentration drops even further, to 0.25 within the epider-

is, implying that keratinocytes are subjected to severe hypoxic

onditions. 

The contours of the normalized keratinocyte density are de-

icted in Fig. 4 b. In the physiological state ρk = 1 . When the pres-

ure load reaches 60kPa, a decrease in keratinocyte viability can be

bserved. This should be contrasted with the corresponding pro-

le of neutrophil density shown in Fig. 4 b. Neutrophil values reach

eak levels of ρn = 0 . 5 at the center of the compressed tissue at

0kPa. This behavior of the system is consistent with the previ-

us analysis of the ODE system. A greater pressure is needed to

bserve a significant reduction in the keratinocyte population. At
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Fig. 4. Steady state contours of oxygen, cell species and cytokines as a function of applied pressure. a) Oxygen shows a physiological, uniform normoxic state of Ox = 1 

at zero pressure. Increasing the load compresses the tissue, reduces the oxygen source term, and leads to hypoxia contours. b) Keratinocyte density, depicted only in the 

epidermis, decreases with increasing applied load. c) Neutrophil normalized density initially increases with larger applied pressure, but at P = 120 KPa the neutrophil density 

is smaller compared to the intermediate loading. d) KC production is proportional to both hypoxia and keratinocyte density, hence, it is maximum at intermediate pressure 

loading. e) DAMPS are produced by keratinocytes as they necrose under the effect of inflammatory signals, showing the most heterogeneous response of all cytokines. DAMPS 

are higher at the center of the domain and gradually decrease towards the edge of the compressed zone. f) TNF α contours mirror those of neutrophil density. 
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an applied pressure of 120kPa, the keratinocyte population den-

sity drops to a normalized value of 0.5, implying impending tissue

necrosis and wound formation. At this load, in contrast, the neu-

trophil contours are of lower magnitude compared to the interme-

diate loading. 

The keratinocyte and neutrophil normalized densities are bet-

ter understood by looking at the contours of the chemical species

shown in Fig. 4 d–f. The keratinocyte chemokine (KC) contours of

Fig. 4 d confirm that keratinocytes produce this signal at moderate

hypoxic conditions. As keratinocyte numbers drop, the KC signal

also drops, even if hypoxia becomes more severe. The profile of the

damage variable DAMPS ( Da ) in Fig. 4 e is more interesting. While

for the two cell types it appears as if the entire region under com-

pression shows the same response, DAMPS contours, particularly at

an applied pressure of 60kPa, show that this is not the case. 

Since chemical signals and cells obey diffusive transport, we

can expect length scale effects. To investigate this, we continuously

vary the size of the region in which the pressure load is applied,

as well as the value of the applied pressure. Fig. 5 a and b illustrate

the keratinocyte and neutrophil densities as the radius of the com-

pressed zone, R disk , is changed at a constant pressure of 120 kPa for

keratinocytes and 60kPa for neutrophils. Increasing the pressurized

zone results in a decrease of keratinocyte density as well as higher

peak neutrophil density. 

For a more complete picture we plot the average concentra-

tion of each variable of interest as a function of both the size of

the compressed zone and the magnitude of the applied pressure

( Fig. 5 c). The worsening of the ulcer, measured as a decrease of

keratinocyte density, is proportional to both the size of the com-

pressed zone and the pressure magnitude. Yet, this relationship

is nonlinear, with greater sensitivity to applied pressure for larger

zones of compression. 
Another interesting observation is that the average curves of

ell population density in Fig. 5 c converge to a single curve as

he pressure disk radius increases, indicating that beyond a certain

imit there are no noticeable diffusive transport effects. 

Following the sensitivity analysis of Fig. 3 , we perform a similar

tudy for the tissue scale model. Fig. 6 shows the variation in the

teady state values of keratinocytes and neutrophils as each of the

x parameters, controlling the interaction terms, are varied while

olding all other values constant. Remarkably, the neutrophil pop-

lation is only sensitive to the variation of λn,KC and not to λn,Da .

his reveals that in the tissue scale model, it is the coupling of ap-

lied pressure to oxygen concentration at the epidermis that has

he largest effect on ulcer susceptibility. 

In contrast, the keratinocyte population is highly sensitive to

he action of TNF α, parameterized by λk,Ta . This is in agreement

ith the sensitivity analysis of the 0D model in Fig. 3 . In sum-

ary, the regulatory network is largely controlled by the strength

f the interaction between the different cells and cytokines, which

s achieved by the choice of the λx parameters, in particular λk,Ta 

nd λn,KC . 

Lastly, we show the results of a set of transient simulations of

U formation done on the tissue scale model. We apply the exter-

al pressure at the beginning of the simulation, in the first 30 min,

nd then maintain that pressure for the next 20 days. The evo-

ution of the biological system is summarized in Fig. 7 . We show

he average of the variables of interest calculated only on the part

f the domain directly under the pressure load. The hypoxic sig-

al KC responds immediately to the changes in oxygen caused by

he applied pressure. The infiltration of neutrophils follows the in-

rease in KC, with slightly slower dynamics, on the order of a few

ays. The initial inflammation then contributes to a slow decline of

he keratinocyte density at moderate pressures. At higher applied
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Fig. 5. Effect of changing the pressure magnitude and the radius of the compressed zone R disk . a) Contours of the keratinocyte density in the epidermis as the compressed 

zone radius takes values R disk = 1 , 5 , 10 mm. Increasing the size of the pressure disk leads to a decrease in ρk . b) Contours of neutrophil density over the entire domain as 

the compressed zone radius takes the values R disk = 1 , 5 , 10 mm. c) Average values of the cells and signals of interest obtained by integrating the variables in the part of the 

domain under compression and dividing by the area of this region. Keratinocyte density monotonically decreases with an increase in both pressure magnitude and pressure 

disk size. The curves converge to a limiting behavior. Neutrophil density curves show lower sensitivity to the pressure magnitude for smaller R disk . As the R disk increases, a 

neutrophil curve similar the 0D analysis is recovered. 

Fig. 6. Sensitivity of the average keratinocyte, ρk , and neutrophil, ρn , densities obtained from integration over the tissue scale domain to the Hill function parameters. a) 

Neither the keratinocyte nor the neutrophil densities are affected by the DAMPs parameter λn,Da in the tissue scale model. b) The neutrophil density is highly sensitive to 

the λn,KC parameter, which controls the response to the KC signal produced by keratinocytes in response to hypoxia. c) The keratinocyte population density is sensitive to the 

λk,Ta parameter, which controls keratinocyte necrosis in response to TNF α produced by neutrophils. d) Neither of the cell populations is sensitive to the parameter associated 

to the ROS variable. 
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Fig. 7. Transient simulations of PU formation. Pressures in the range [20, 120]kPa are applied to the center region of the tissue scale model during the first 30 min of the 

simulation, and then the pressure load is kept constant for the next 20 days. KC, the hypoxic signal produced by keratinocytes responds immediately and recruits neutrophils 

which increase rapidly within the first 5 days. Keratinocyte density diminishes first directly in response to hypoxia. Further decrease is due to the initial inflammation, while 

subsequent reduction in ρk follows the delayed increase in DAMPS, which drive the positive feedback inflammation loop. The biological system approaches steady state by 

day 20. . 
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load, P = 120 KPa , the decay of ρk is expected to be driven by hy-

poxia directly instead of inflammation. Interestingly, for moderate

pressures, below 100KPa, the decay of ρk accelerates after the first

5 days due to the increase in DAMPS, which are delayed with re-

spect to the initial increase in neutrophils. By day 20, the variables

have approached their steady state value. 

4. Discussion 

Here we present a detailed analysis of the regulatory network

implicated in PU formation and its implementation into a tissue

scale finite element model of skin mechanics and oxygen diffusion.

In contrast to recent mathematical descriptions of PUs as agent-

based models [21] , we opt to describe the system with a set of

ODEs. Agent-based models are useful to explore emergent behav-

ior stemming from rules for discrete entities, but are not easily

adapted to large spatial scales and arbitrary domains. In contrast,

an ODE description of a signaling network lends itself to spatial

extensions that naturally capture the temporo-spatial evolution of

PUs in realistic domains. Moreover, it allows coupling to other cru-

cial phenomena such as pressure-driven ischemia. Additionally, the

ODE approach provides access to mathematical tools that allow ex-

ploring the relative contribution of each of the elements to the

overall system behavior and to perform sensitivity analyses of the

parameters. Thus, we expect that this model will be useful to in-

terpret new experimental data, and to develop enhanced models

that build upon the work shown here. 

The starting point to our model is a comprehensive regulatory

network of PU biology which has been extensively studied, vali-

dated, and analyzed previously [2,4,6,17,21,56] . In a first approxi-

mation, we focused on a subset of the network: the keratinocyte-

neutrophil subsystem. In future work, we will extend our work

to a more comprehensive model that incorporates the different

macrophage populations [57] . By restricting our attention to the

neutrophil infiltration we capture the initial sterile inflammation

response that characterizes the early stages in pressure ulcer for-

mation [32–34] . 

Given the topology of the regulatory system, a major model-

ing question is how to mathematically represent the dynamics of

each element and the interactions between the elements. We use
ogistic growth equations for the cells, and the interaction terms

re modeled with Hill functions, which is a standard approach in

omputational systems biology [24,58] . The most important de-

rees of freedom of the model are the parameters of the Hill

unctions controlling the interaction strength and sensitivity be-

ween the network elements. This is a significant assumption and

ore research is needed to validate that the model can replicate

he overall dynamics of more comprehensive, first-principle mod-

ls [59] . At the same time, by reducing the system to the key el-

ments and introducing the essential coupling terms we expect to

ruly capture the distinctive features of the early pressure ulcer for-

ation events. 

While we do not calibrate our mathematical model to a full

et of data, we do narrow down the parameters based on reliable

iterature data and explore the sensitivity of system to changes

n these parameters. We are able to capture important features

f PU formation such as the nonlinear feedback between release

f pro-inflammatory signals by keratinocytes under hypoxia and

eutrophil-driven necrosis mediated by TNF α. The system shows

hat as the oxygen is decreased, the nonlinear feedback induces a

harp increase in neutrophil infiltration. However, in the absence

f other mechanisms of inflammation, the reduction in the ker-

tinocyte population is mild for intermediate oxygen values, and

t only drops to low numbers if hypoxia is extreme. This result fur-

her suggests that other steps in the inflammation cascade, in par-

icular the dynamics of M1 and M2 macrophages, are needed to

apture the later stages of ulcer progression [7,60,61] . 

Unarguably, our most important contribution comes from the

xtension of the inflammation regulatory network to the tissue

cale domain, including its coupling to the tissue mechanics and

xygen diffusion. Previous work on PU modeling has emphasized

he features of the biological signaling cascade [21] . Our approach

mphasizes the role of pressure-driven ischemia and subsequent

ypoxia as a key mechanism in PU formation. In the tissue scale

odel, the parameter sensitivity analysis reveals that the ulcer re-

ponse is most sensitive to the keratinocyte chemoattractant (KC)

ignal released as a result of hypoxia. Interestingly, the KC signal

s controlled by the oxygen profile, which itself is nonlinearly re-

ated to the pressure applied to the skin surface. This results un-

erscores the need to better understand how pressure is connected
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o oxygen concentration profiles in the tissue, especially near the

pidermis. Furthermore, the mechanics of ischemia are especially

elevant in the context of aging. There are several risk factors for

ncreased susceptibility to PU in older adults, including a differ-

nt inflammation response and a more sedentary lifestyle [62,63] .

onetheless, it is also recognized that our skin mechanical proper-

ies, structure, and microvascular anatomy change markedly with

ge [64–67] . We anticipate that these factors could change the hy-

oxia contours and could, thus, be critically important to better

nderstand PU initiation and progression in the aging population.

ur future work will therefore focus on using our model to in-

orporate the known changes in skin mechanical properties and

tructure with aging. With this holistical model, we will elucidate

he effects of aging on the susceptibility to PU formation. 

Our work is not without limitations. The main assumption un-

erpinning this model is the link between applied pressure to the

kin and the drop in oxygen concentration. We have included ad-

itional information of this coupling in the Appendix. Briefly, the

caling of the source term is given by the collapse and deforma-

ion of the microvasculature. Future work will focus on solving

he blood flow problem in the vasculature to better inform the

ource term and boundary conditions of the oxygen variable in our

odel. Nonetheless, even with this simplifying assumption, our

alues of applied pressure leading to PU formation are well within

he range of what has been reported. For instance Oomens et al.

easured pressures up to 250 kPa in the finite element simulations

f humans buttock models [68] , which is comparable to the values

easured in healthy individuals sitting upright on a rigid surface

69,70] 

In conclusion, we present a mathematical model of pressure

lcer formation based on ordinary differential equations, and its

oupling to a tissue scale finite element model of skin mechan-

cs and oxygen transport. This description enables a detailed anal-

sis of features only observed at the tissue scale, in which diffu-

ion length scales play an important role. One of the key results

rom this multifield coupling in a realistic domain is the sensitivity

f the system to hypoxia, which is directly related the compres-

ive tissue strains due to external loading. This result underscores

he need to better understand the mechanics of pressure-driven is-

hemia using 3D models rather than oversimplified 0D models. We

xpect that calibrating this model to new experimental data will

ead to a more mechanistic and quantitative understanding of PUs.

upplementary material 

Supplementary material associated with this article can be

ound, in the online version, at doi: 10.1016/j.mechrescom.2019.05.

03 . 
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