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ABSTRACT

In this paper, a novel mathematical model of wound healing in both normal and
diabetic cases is presented, focusing upon the effects of adding two currently
available commercial engineered skin substitute therapies to the wound (Apl-
igraft and Dermagraftt). Our work extends a previously developed model,
which considers inflammatory and repair macrophage dynamics in normal and
diabetic wound healing. Here, we extend the model to include equations for
platelet-derived growth factor concentration, fibroblast density, collagen density,
and hyaluronan concentration. This enables us to examine the variation of these
components in both normal and diabetic wound healing cases, and to model the
treatment protocols of these therapies. Within the context of our model, we find
that the key component to successful healing in diabetic wounds is hyaluronan
and that the therapies work by increasing the amount of hyaluronan available in
the wound environment. The time-to-healing results correlate with those ob-
served in clinical trials and the model goes some way to establishing an under-
standing of why diabetic wounds do not heal, and how these treatments affect the
diabetic wound environment to promote wound closure.

The wound healing process in acute wounds is well under-
stood and documented, but in chronic wounds, such as
diabetic ulcers, the process of healing is disrupted and the
exact nature of the healing failure is not known. Recent
advances in wound healing therapies have resulted in the
development of treatments used to successfully close dia-
betic wounds, even those that have not responded to con-
ventional wound management strategies.1–4 The question
that therefore arises is this—given that the exact mecha-
nism by which diabetic wounds fail to heal is not known,
how do these advanced therapies work? The aim of this
study is to suggest answers to this question using theoret-
ical modeling, and to predict ways in which the therapies
could be optimized.

One feature of diabetic wounds is that they often appear
to have a persistent and excessive number of macrophag-
es,5 and moreover the balance between inflammatory and
repair macrophages is disrupted.6 In order to address the
question of how these therapies work, we first need to un-
derstand why diabetic wounds do not heal. This article in-
vestigates further the hypothesis that diabetic wounds do
not heal because they do not progress past the inflamma-
tory stage of wound healing.

The model simulates the wound healing process, start-
ing with the inflammatory and repair macrophages. These
cells produce growth factors such as platelet-derived
growth factor (PDGF) and transforming growth factor-b
(TGF-b), which then attract other cells such as fibroblasts
and keratinocytes to the wound site. Fibroblasts in turn
produce extracellular matrix (ECM) components such as
collagen and hyaluronan to form granulation tissue and so
encourage wound repair.7 Through the use of this model,
which concentrates on the interactions between the growth
factors, cell populations, and ECM components, we can

manipulate this wound healing system in a way that is not
possible in a laboratory or clinical setting, and hence gain a
more comprehensive understanding of chronic wound
healing dynamics. Within the context of our model, we
can investigate the effects of adding single- and multicom-
ponent treatments to diabetic wounds.

MATERIALS AND METHODS

The model equations used are ordinary differential equa-
tions and were derived specifically for this model using a
conservation approach. The equations for the inflamma-
tory macrophage, repair macrophage, and fibroblast pop-
ulations were determined using

Rate of change of cell population

¼ cellmigrationþ cellmitosis� cell death:

Similarly, the equations for TGF-b, PDGF, collagen,
and hyaluronan were determined using

Rate of change of chemical ¼ chemical production

� chemical decay:

These broad conservation equations were then used to
derive specific equations for each of the model variables.
The actual equations used, together with the parameter val-
ues for each variable and forms of migration functions, are
presented inmore detail in Appendix A. The equations were
solved using the ordinary differential equation numerical
solution subroutine ODE15s of the MATLAB computing
package over a time period of 200 days. This time period
was chosen as this time period showed that all variables had
reached equilibrium—shorter time periods showed that the
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system was still moving toward equilibrium conditions.
The initial conditions used are the same for both normal
and diabetic wound repair, FI(0)5jR(0)5200 cells/mm3,
T(0)56pg/mm3, P(0)52pg/mm3, F(0)550 cells/mm3,
C(0)510mg/mm3, and H(0)50.01mg/mm3. These initial
conditions were estimated from studies reporting on wound
healing.5,7–12 The differences between the normal and
diabetic cases are captured in the parameter values for the
fibroblast production rate of collagen, k11, the fibroblast
production rate of hyaluronan, k12, and the fibroblast
death rate, d4. All other parameter values (as given in
Table A1) remain the same for both cases. The basis
for these differences in parameter values are indicated in
the literature.13–17

When modeling the treatment protocols for two cur-
rently available commercial engineered skin substitutes,
Apligraft and Dermagraftt, it is assumed that each treat-
ment application is modeled as being applied at a particu-
lar time point and at that time point all the components of
the treatment are applied to the wound.

The model used is an extension of one previously pre-
sented,12 which investigated the behavior of three compo-
nents: inflammatory macrophages, repair macrophages,
and TGF-b. The initial model showed that diabetic
wounds have a higher TGF-b level than normal wounds,
and that macrophages persist longer in diabetic wounds
than in normal wounds. In this extended model, we add
equations for PDGF, collagen density, hyaluronan con-
centration, and fibroblasts. There are many more growth
factors and cell types that could be added, but these
variables are chosen because they are components of the
advanced treatments, and we wish to identify the particu-
lar interactions that drive the behavior observed in diabet-
ic wounds. We do not use keratinocytes, even though they
do form part of one major treatment (Apligraft, described
below), because they occupy a separate physical location
(the epidermis) from the other variables (the dermis).
Inclusion of an epidermal compartment is a natural
extension of the model. The simulations were run over a
time period of 200 days to ensure that a steady state has
been reached, i.e., that the wound had stabilized to either a
healed or unhealed state.

Within our model, we incorporate a number of wound
healing cascade interactions. Monocytes migrate to the
wound in response to TGF-b, where they differentiate
into macrophages. The phenotype of these macrophages
depends on the chemical profile in the wound. The
chemical 1,3-b-glucan, which is absorbed into the body
from food, encourages inflammatory macrophages to
form. Conversely, hyaluronan promotes differentiation
into repair macrophages; hyaluronan is produced by
fibroblasts within the healing wound. Other macrophage
phenotypes may also be present in the wound environ-
ment, such as cytocidal macrophages, but as they are
not included in the model they will not be discussed
here. Macrophages produce growth factors, including
TGF-b and PDGF. The former stimulates further macro-
phage migration into the wound as discussed above.
PDGF attracts fibroblasts to the wound, and also induces
fibroblast mitosis at low levels. Fibroblasts also produce
TGF-b, although not in the same quantities as macro-
phages. Finally, collagen synthesis by fibroblasts is also
induced by TGF-b.

Modeling these various components of the wound heal-
ing process, and their interactions, allows us to investigate
details of how the treatments we examine—Apligraft and
Dermagraftt—actively encourage the diabetic wound to
heal, i.e., what ‘‘jump starts’’ the wound into healing?

Apligraft (manufactured by Organogenesis, Canton,
MA) is an artificial skin comprising a dermal layer and an
epidermal layer of cells seeded onto a bioabsorbable
scaffold, which can be added to a nonhealing wound.

Based on the average size of a nonhealing diabetic ulcer
of 35mm�25mm�7.5mm (6,562.5mm3), the size of one
application of Apligraft is 1,181mm3 (assuming there is a
5mm overlap all the way round the ulcer, as per the treat-
ment instructions). Apligraft also has a layer of keratin-
ocytes, but our model focuses on the dermal components
of the therapy (Table 1), as discussed above.

The Apligraft treatment protocol is one application a
week for 5 weeks. Food and Drug Administration (FDA)
approval has not been granted for more than five applica-
tions to any single wound. Apligraft sheets are shipped
singly in nutrient medium, in a temperature-controlled
container to ensure that the cells are maintained at an in-
cubation temperature of 28 1C during shipping. Owing to
this shipping methodology, the cell viability of Apligraft
is maintained at 100%. More information on Apligraft is
given in Streit and colleagues.2,3,18–20

Dermagraftt (Smith &Nephew, London, UK) is a dermal
substitute comprising fibroblasts seeded onto aVicryl scaffold.
Component densities of Dermagraftt are given in Table 2.

Based on the average size of a nonhealing diabetic ulcer
of 35mm�25mm�7.5mm (6,562.5mm3), the size of one
application of Dermagraftt is 157.5mm3 (assuming there
is a 5mm overlap all the way round the ulcer, as per
the treatment instructions). The treatment protocol for
Dermagraftt is one application a week for 8 weeks. FDA

Table 1. Apligraft dermal components

Component 100% Density (per mm3)

Neonatal fibroblasts 500 cells

TGF-b 4 pg

PDGF 1 pg

Collagen 2mg

Hyaluronan 7.45mg

TGF-b, transforming growth factor-b; PDGF, platelet-derived

growth factor.

Table 2. Dermagraftt components

Component 100% Density (per mm3)

Neonatal fibroblasts 8000 cells

TGF-b 0.4 pg

PDGF 1 pg

Collagen 18.75 mg

Hyaluronan 80 mg

TGF-b, transforming growth factor-b; PDGF, platelet-derived

growth factor.
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approval has not been granted for more than eight appli-
cations to a single wound.

Dermagraftt sheets are shipped singly after cryopreser-
vation and require thawing before use. Dermagraftt may
be stored before use provided that it is stored at �70 1C.
Owing to this shipping methodology, the cell viability of
Dermagraftt is variable. Clinicians do not routinely take
samples of the Dermagraftt before application to the
wound; hence the percentage of viable cells being applied
is unknown. More detailed information on Dermagraftt
can be found in Naughton and colleagues.21–24

It is known that both these treatments can induce healing
in chronic diabetic ulcers. Our mathematical model allows
us to simulate the behavior of cells, growth factors, and
ECM components, and more importantly, to study how
they interact. Also, we can investigate how the frequency
and strength of the treatment affects the healing wound.

RESULTS

Simulation of treatment protocols

We begin by presenting the results obtained by simulating
a typical treatment protocol for each of the treatments.

In a normal wound, the macrophage populations peak
first at around days 3–7 and die out, leaving a very low
density of macrophages in the wound environment (illus-
trated in Figure 1). The fibroblast population then peaks
at around days 5–10 and eventually returns to the levels of
fibroblasts found in undamaged normal skin. Collagen is
synthesized by the fibroblasts and reaches the normal un-
damaged skin density after around 21 days or so from
wound inception. Hyaluronan concentration peaks at
around the same time as the fibroblasts population and
then returns to the undamaged normal skin value. The lev-
els of TGF-b and PDGF within the wound are high ini-
tially but quickly reach steady states (Figure 2).

In contrast, in simulations of an untreated diabetic
wound, the macrophage populations persist long past the
point where they are no longer seen in great numbers in
normal wounds, and the inflammatory macrophage popu-
lation is significantly larger than the repair macrophage
population. This increase and persistence in the number of
macrophages means that larger amounts of TGF-b and
PDGF are observed in the wound. The fibroblast popula-
tion does not have the same large peak observed in normal
wound healing, and the number of fibroblasts within the
wound is noticeably lower than in the normal wound.
Consequently, collagen accumulation is much lower and
even after 200 days there is less collagen in the wound than
would be found in normal healed skin. The amount of
hyaluronan in the diabetic wound is also significantly low-
er than in the normal wound, and indeed much lower than
that usually found in normal skin. This leads to impaired
healing as fewer monocytes differentiate into repair mac-
rophages, and so the macrophage phenotype distribution
is disrupted.

Diabetic wounds with healing induced by one of the
treatments exhibit similar characteristics to the normal
wound healing trajectories. A peak in the fibroblast popu-
lation occurs, as does a peak in hyaluronan concentration.
The macrophage populations reduce in numbers, and the

high amounts of growth factors decrease to levels seen in
normal wounds. However, although the macrophage pop-
ulation decreases to almost zero, the fibroblast population
settles at a density less than that found in normal undam-
aged skin. The treatment spikes seen in the figures are be-
cause the treatment application is modeled as an
instantaneous release process rather than as a gradual re-
lease process. Wemake this assumption in view of a lack of
data on the effective release rate of the different compo-
nents into the wound, following treatment applications.

The simulations predict that a course of five applica-
tions of Apligraft heals the wound within approximately

Figure 1. Numerical simulation of our model illustrating nor-

mal, untreated diabetic wound and treated diabetic wound

healing profiles for inflammatory and repair macrophages,

transforming growth factor-b (TGF-b) and platelet-derived

growth factor (PDGF), per cubic mm of wound space, for the

Apligraft treatment protocol (column I) and Dermagraftt (col-

umn II). The treated diabetic wound simulations show that a

healed wound can be obtained within a similar time frame to

that found in clinical studies data. Apligraft is added to the

wound at days 28, 35, 42, 49, and 56, and Dermagraftt is add-

ed to the wound at days 28, 35, 42, 49, 56, 63, 70, and 77, as

indicated by the discontinuities in the graphs.
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10–11 weeks, and an 8-week course of Dermagraftt shows
wound closure within approximately 9–10 weeks.

These results correlate with healing rates found in available
clinical trials data. For patients treated with Dermagraftt,
30% achieved complete healing within 12 weeks, compared
with 18% of the control group.25 Patients treated with
Apligraft showed a median time to healing of 65 days.26,27

Significance of timing and frequency of

treatment application

Simulating the application of a single piece of Derma-
graftt to the wound shows that healing can be induced,
but that the wound does not appear to be healing for some
weeks. Repeating this simulation with a single piece of
Apligraft shows that this is insufficient to induce wound
healing in a diabetic wound.

A complete course of treatments can also be simulated
as an equivalent single treatment application. For Derma-
graftt, a single treatment equivalent to an 8-week course
(i.e., a single application of 8� normal dose) shows that

complete wound closure can be achieved within the same
time frame as the 8-week course. However, a single treat-
ment of Apligraft equivalent to a complete course of five
treatments does not promote healing of the wound.

The addition of multiple pieces of Dermagraftt or
Apligraft can also be simulated by the model. These sim-
ulations indicate that the time to reach complete healing
can be reduced by applying two or three pieces of Derma-
graftt each week over the course of the treatment. How-
ever, the reduction in healing time is of the order of 5–10
days, which may not justify the increased cost of the com-
plete treatment regime. Similar reductions healing time
were predicted using two or three pieces of Apligraft.
Tables 3 and 4 detail the time to healing predicted by the
simulations on timing, frequency, and strength of treatment.

Simulation of applying individual components of

treatments to the wound site

To determine whether the components of these wound
healing treatments act alone or synergistically, the model
was used to simulate adding individual components to the
wound site. We used the standard treatment protocols (one
treatment per week over 5 weeks for Apligraft, and one
treatment per week over 8 weeks for Dermagraftt), but
simulated the addition of only one of the treatment com-
ponents, rather than all of them. It was found that adding
TGF-b alone to the wound did not encourage healing, nor
did wound closure occur when collagen was applied alone.
Applying PDGF alone to the wound in amounts normally
found in wounds does not induce healing, although
healing does occur when very large amounts of PDGF
are used. This is the basis for the treatment Regranext, a
gel that contains becaplermin, a recombinant human
PDGF, for topical application to the wound. Regranext
is manufactured by Ortho-McNeil (Titusville, NJ) and is

Figure 2. Numerical simulation of our model illustrating normal,

untreated diabetic wound and treated diabetic wound healing

profiles for fibroblasts, collagen, and hyaluronan, per mm3 of

wound space, for the Apligraft treatment protocol (column I)

and Dermagraftt (column II). The treated diabetic wound simu-

lation shows that a healed wound can be obtained within a sim-

ilar time frame to that found in clinical studies data. Apligraft is

added to the wound at days 28, 35, 42, 49, and 56, and Derma-

graftt is added to the wound at days 28, 35, 42, 49, 56, 63, 70,

and 77, as indicated by the discontinuities in the graphs.

Table 3. Results for Dermagraftt

Frequency Strength

Approximate

healing time

Once �1 140 days

Once �8 90 days

Once a week for 8 weeks �1 90 days

Once a week for 8 weeks �2 85 days

Once a week for 8 weeks �3 80 days

Table 4. Results for Apligraft

Frequency Strength

Approximate

healing time

Once �1 No healing predicted

Once �8 No healing predicted

Once a week for 5 weeks �1 100 days

Once a week for 5 weeks �2 85 days

Once a week for 5 weeks �3 75 days
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available in 0.01% strength, i.e., each gram of Regranext
gel provides 100mg of becaplermin (recombinant human
PDGF-BB). For more information on Regranext gel, we
direct the reader to Margolis and colleagues.28–30

Adding hyaluronan alone in large quantities does en-
courage wound healing. More hyaluronan means that
more monocytes differentiate into repair macrophages
and less monocytes become inflammatory macrophages,
thus addressing the phenotype imbalance seen in the un-
treated diabetic wound.

The addition of fibroblasts alone to the wound also in-
duces healing. An increased number of fibroblasts means
that hyaluronan synthesis is also increased and this cor-
rects the macrophage phenotype imbalance as described
above. To clarify the role of fibroblasts in the treatments,
we ran simulations using a hypothetical treatment consist-
ing of modified fibroblasts, which do not synthesize
hyaluronan but are otherwise identical to normal fibro-
blasts. Diabetic wounds treated in this way do not heal,
confirming that the key role of fibroblasts in Apligraft
and Dermagraftt is as a source of hyaluronan. Simulating
the addition of both fibroblasts and hyaluronan to the
wound does not give any advantage over the addition of
these components individually.

Figures 3 and 4 show that the components do not act
synergistically to induce wound healing. The first column
shows the effect of adding collagen, TGF-b, and PDGF to
the wound, the second shows the effect of adding hyaluro-
nan only, and the third shows the effect of adding fibro-
blasts only. Based on these results, we predict that only the
hyaluronan or fibroblast components of Apligraft and
Dermagraft are necessary for an effective treatment.

DISCUSSION

There are little data available regarding the measurement
of growth factors, ECM components, and cell populations
within a healing diabetic wound. One reason for this is that
once a diabetic wound appears to be healing, especially if
the healing has proved difficult in the past, clinicians may
be reluctant to take samples for histological examination
and there by risk disrupting the healing process again.
Our numerical values for all components can therefore on-
ly be classed as best estimates rather than exact. We believe
these values to be of the right order of magnitude as cor-
relation with available data for growth factors profiles in
acute wounds has been obtained,31 and the distinctive

Figure 3. Numerical simulation of

our model illustrating normal, un-

treated diabetic wound, and treated

diabetic wound healing profiles for

inflammatory macrophages, repair

macrophages, transforming growth

factor-b (TGF-b), and platelet-derived

growth factor (PDGF), per mm3

of wound space. The first column

shows that adding collagen, TGF-b,

and PDGF to the diabetic wound

does not induce healing, while the

second and third columns show that

healing can be induced if either

hyaluronan or fibroblasts are added

alone. The figures show simulations

based on the Dermagraft standard

treatment protocol of one treatment

per week over 8 weeks. Similar re-

sults were obtained based on the

Apligraft standard treatment proto-

col of one treatment per week over

5 weeks. TGF-b, PDGF, collagen,

Hyaluronan only, and Fibroblasts

only.
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peaks in cell populations occur at the appropriate time
points as observed by Robson and colleagues.7,32

There are obvious limitations with our model. We have
only modeled some of the cells, growth factors, and ECM
components present in the wound healing process, and
have made no distinction between isoforms of collagen,
TGF-b, and PDGF. We have deliberately kept the model
as simple as possible in order to capture the underlying
behavior of diabetic wound healing. We make no attempt
to include wound debridement or a bacterial load in the
model, and both of these factors are known to influence
the successful healing of a diabetic ulcer. Our model also
does not make any attempt to include spatial variations
of the wound. In practice cell, growth factor and ECM
component distribution will be different at the center of
the wound to the distribution of components at wound
margins, and this may have a significant effect on the
repair process.

The model could be extended in a number of directions
in future work. A common preparation in diabetic ulcers is
debridement, in which damaged and/or otherwise nonvia-
ble tissue is removed. This could be simulated in the model
by changes to the relevant variables at appropriate time
points. However, a lack of data on quantitative changes
caused by debridement means that a detailed series of ex-
ploratory simulations would be required. Secondly, the
model could be used to explore the effects on interpatient
variability, by altering parameters such as the growth fac-
tor production rates. Again, a detailed and systematic sim-
ulation study would be required. Thirdly, the model could
be extended to incorporate gradual release of treatment
components, rather than the instantaneous release
assumed in this paper. This would require the explicit

specification of component release as a function of time,
and again a further program of simulations would be re-
quired, because there are little data available on the effec-
tive delivery of the different therapeutic components
following treatment application. Finally, the model could
be extended to include a separate epidermal component—
this is a natural extension of the model as the Apligraft
treatment protocol involves the addition of keratinocytes
as well as dermal components.

From our simulations of adding single components to
the wound site, we have seen that wound healing can only
be achieved if either fibroblasts or hyaluronan are added to
the wound. Wound healing cannot be achieved if small
amounts of PDGF are added to the wound, such as those
found in normal wounds (about 1–2 pg/mm3). Interesting-
ly, by adding large amounts of PDGF to the wound, about
650 pg/mm3, wound healing can be induced. Our simula-
tions indicate that the minimum amount of PDGF needed
to encourage wound healing is about 300 pg/mm3, which is
about half the amount found in treatments based on
PDGF. Our results suggest that this method works by en-
couraging large numbers of fibroblasts from beyond the
margin of the wound to migrate to the wound site. Once at
the wound site, these fibroblasts synthesize hyaluronan
and collagen, and the wound starts to heal. A treatment
that utilizes this method is Regranext (becaplermin
gel) described in ‘‘Simulation of applying individual
components of treatments to the wound site.’’ Based on the
average size of a nonhealing diabetic ulcer of 35mm�25mm
�7.5mm (6,562.5mm3), the size of one application of
Regranext is 385mm3 and contains 650pgPDGF/mm3.
This is far in excess of the levels of PDGF found in normal
acute wounds.31

Figure 4. Numerical simulation of

our model illustrating normal, un-

treated diabetic wound and treated

diabetic wound healing profiles for fi-

broblasts, collagen, and hyaluronan,

per mm3 of wound space. The first

column shows that adding collagen,

transforming growth factor-b (TGF-

b), and platelet-derived growth factor

(PDGF) to the diabetic wound does

not induce healing, while the second

and third columns show that healing

can be induced if either hyaluronan

or fibroblasts are added alone. The

figures show simulations based on

the Dermagraft standard treatment

protocol of one treatment per week

over 8 weeks. Similar results were

obtained based on the Apligraft
standard treatment protocol of one

treatment per week over 5 weeks.
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Hyaluronan appears to be the key component in the
Apligraft and Dermagraftt healing treatments. The sim-
ulations show that there may be insufficient hyaluronan in
undamaged diabetic skin, in which case a high proportion
of monocytes will react to the 1,3-b-glucan stimuli after
injury and differentiate into inflammatory macrophages.
Dermagraftt and Apligraft add hyaluronan to the
wound and this means that more monocytes differentiate
into repair macrophages, thus redressing the imbalance
between these macrophage phenotypes that has occurred
in the diabetic wound.

A recent study by Sheehan et al.33 using a high molec-
ular weight injection of hyaluronan to treat osteoarthritis
of the knee has indicated that hyaluronan may also be in-
volved in disrupting the cell cycle behavior, switching the
cells from the G0/G1 phases to the S and G2/M phases
within 24 hours. This implies that hyaluronan could also
be involved in signaling the macrophages to leave the
wound site via the lymph node system.34 This suggests that
hyaluronan may have an even more important role in the
repair process than that predicted by our model.
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APPENDIX A

In this appendix, we describe the equations of the model
and the parameter values used. Each equation gives the
rate of change of the variable and its constituent parts. The
variables used in the model are inflammatory macrophages
(F1, cells/mm3), repair macrophages (FR, cells/mm3), TGF-b
(T, pg/mm3), PDGF (P, pg/mm3), fibroblasts (F, cells/mm3),
collagen (C, mg/mm3), and hyaluronan (H, mg/mm3).

Inflammatory macrophages

dF1

dt
¼ aKðTÞ
zfflfflffl}|fflfflffl{
migration

þ k1k2F1ð1� k3ðF1 þ FRÞ � k5F � k6CÞ
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{

mitosis with crowding effect

� d1F1

zffl}|ffl{
death

:

Repair macrophages

dFR

dt
¼ð1� aÞKðTÞ
zfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflffl{

migration

þ k1k2FRð1� k3ðF1 þ FRÞ � k5F � k6CÞ
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{

mitosis with crowding effect

� d1FR

zffl}|ffl{
death

:

TGF-b

dT

dt
¼ k4F1 þ k7F

zfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflffl{
production of TGF-b

� d2T
z}|{

decay of TGF-b

:

PDGF

dP

dt
¼ k8ðF1 þ FRÞk9F
zfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflffl{
production of PDGF

� d3P
z}|{

decay of PDGF

:

Fibroblasts

dF

dt
¼ MðPÞ
zfflffl}|fflffl{
migration

þ k10Fð1� k3ðF1 þ FRÞ � k5F � k6CÞ
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{

mitosis with crowding effect

� d4F
z}|{
death

:

Collagen

dC

dt
¼ k11Ff ðTÞgðCÞ

zfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflffl{
production induced byTGF-bwith collagen crowing

� d5FC
zfflffl}|fflffl{

remodeling

:

Hyaluronan

dH

dt
¼ k12F

zffl}|ffl{
production

� d6H
zffl}|ffl{
decay

;

where a represents the proportion of monocytes migrating
to the wound that differentiate into inflammatory macro-
phages and is represented by a5�0.197 log10 H10.4407.
A logarithmic function was used as a suitable quantitative
form for a(H) based on the shape of the curve obtained by
plotting the data values for normal skin and Apligraft
(H52.5, a50.5),14,35 diabetic skin (H50.015, a50.8),36

and Dermagraft (H580, a50.07).37,38

K(T) is a cubic function of T representing the migra-
tion of monocytes to the wound in response to TGF-b
(based on data from Waugh and Sherratt12),M(P) is a cu-
bic function of P representing the migration of fibroblasts
to the wound in response to PDGF (based on data from
Facchiano et al.39), f(T) is a cubic function of T represent-
ing the fibroblast synthesis of collagen in response to TGF-
b (based on data from Roberts et al.17), and g(C) is a cubic
function of C representing the effect increasing collagen
density has on its own synthesis by fibroblasts (based on
data fromGrotendorst et al.40). These functions are shown
qualitatively in Figure 5.

The parameter values used in the simulations are
shown in Table A1. While many of the parameter values
were available from previous work or published studies,
some of the parameters had to be calculated. In these
cases, the source of data used to calculate the parameter
values are included, as are sample calculation methods.

Sample parameter calculations are shown below to
show how the parameter values are calculated where no
published value can be found. For example, the decay rate
of PDGF, d2, is calculated from half-life data, which is
around 240 minutes. d2 can be determined from

d2 ¼
ln2

T1=2
¼ ln2

0:167
¼ 4 day�1:
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Figure 5. Qualitative form of the functions

used in the simulations (A) K(T), which rep-

resents monocyte migration in response to

transforming growth factor-b (TGF-b), (B)

M(P), which represents fibroblast migration

to the wound site in response to platelet-

derived growth factor (PDGF), (C) f(T),

which represents collagen synthesis by fi-

broblasts in response to TGF-b, and (D)

g(C), which represents the effect that colla-

gen density in the wound has on its produc-

tion by fibroblasts.

Table A1. Model parameter values

Parameter description Symbol Value Units References

% of macrophages undergoing mitosis k1 0.05 — Miyasaki and colleagues41,42

Macrophage growth rate k2 0.693 day�1 Calculated42

Inverse maximal macrophage density k3 0.002 (cells/mm3)�1 Calculated43

Macrophage TGF-b production rate k4 0.07 pg/cells/day Cobbold and Sherratt9

Inverse maximal fibroblast density k5 0.0025 (cells/mm3)�1 Calculated9

Inverse maximal collagen density k6 0.0004 (mg/mm3)�1 Calculated8,44

Fibroblast TGF-b production rate k7 0.004 pg/cells/day Huang et al.45

Macrophage PDGF production rate k8 0.015 pg/cells/day Badgett et al.46

Fibroblast PDGF production rate k9 0.0015 pg/cells/day Baker et al.31

Fibroblast growth rate k10 0.924 day�1 Hehenberger et al.10

Fibroblast collagen production rate (diabetic) k11 5 mg/cells/day Raghow et al.16

Fibroblast collagen production rate (normal) k11 20 mg/cells/day Ignotz and Massague15

Fibroblast HA synthesis rate (diabetic) k12 0.001 mg/cells/day Edward et al.47

Fibroblast HA synthesis rate (normal) k12 0.01 mg/cells/day Edward et al.47

Macrophage removal rate d1 0.2 day�1 Calculated34

TGF-b decay rate d2 9.1 day�1 Cobbold and Sherratt9

PDGF decay rate d3 4.0 day�1 Calculated48

Fibroblast death rate (diabetic) d4 2.5 day�1 Darbyvet al.13

Fibroblast death rate (normal) d4 1.0 day�1 Darbyvet al.13

Rate of collagen remodelling by fibroblasts d5 1.5�10�5 day�1 Cobbold and Sherratt9

Hyaluronan decay rate d6 0.7 day�1 Tammi and Tammi49

TGF-b, transforming growth factor-b; PDGF, platelet-derived growth factor.
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The inverse maximal densities are simply the inverse
of the maximal density, for example, the maximal fibro-
blast density is around 400 cells/mm3 so the the inverse
maximal fibroblast density, k5 is calculated from:

k5 ¼
1

400
¼ 0:0025 mm3=cells:

The growth rate can be determined from population
doubling time data. For example, the macrophage growth
rate k2 can be determined from the population doubling
time, which is around 1 day. k2 is therefore

k2 ¼
ln2

1
¼ 0:693 day�1
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