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Abstract

Background: Deep tissue injury (DTI) is a class of serious lesions which develop in the deep tissue layers as a result
of sustained tissue loading or pressure-induced ischemic injury. DTI lesions often do not become visible on the skin
surface until the injury reaches an advanced stage, making their early detection a challenging task.

Theory: Early diagnosis leading to early treatment mitigates the progression of the lesion and remains one of the
priorities in clinical care. The aim of the study is to relate changes in tissue temperature with key physiological
changes occurring at the tissue level to develop criteria for the detection of incipient DTIs.

Method: Skin surface temperature distributions of the damaged tissue were analyzed using a multilayer tissue
model. Thermal response of the skin surface to a cooling stress, was computed for deep tissue inflammation and
deep tissue ischemia, and then compared with computed skin temperature of healthy tissue.

Results: For a deep lesion situated in muscle and fat layers, measurable skin temperature differences were
observed within the first five minutes of thermal recovery period including temperature increases between 0.25°C
to 0.9°C during inflammation and temperature decreases between −0.2°C to −0.5°C during ischemia.

Conclusions: The computational thermal models can explain previously published thermographic findings related
to DTIs and pressure ulcers. It is concluded that infrared thermography can be used as an objective, non-invasive
and quantitative means of early DTI diagnosis.

Virtual slides: The virtual slides for this article can be found here: http://www.diagnosticpathology.diagnomx.eu/vs/
1461254346108378.

Keywords: Deep tissue injury (DTI), Ischemia, Inflammation, Heat transfer model, Computational model, Skin surface
temperature, Early diagnosis, Infrared (IR) thermography
Introduction
Deep Tissue Injury (DTI) is a type of pressure injury
that first arises in the deeper tissue with the overlying
skin remaining intact. DTI lesions can progress rapidly
and can be difficult to manage if not recognized early,
causing increased morbidity and mortality among pressure
ulcer patients. The costs to individuals and to society of
pressure injuries increased substantially, from $2.2 to $3.6
billion per year in 1999 to more than $11 billion in 2011
[1,2]. The difficulty with early detection of DTI lesions
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is that they are poorly visible until substantial soft tissue
damage has occurred.
Although DTI has been referred to in the medical

literature since the 1800s [3], it has received relatively
little attention in the medical community. Shea, who was
credited for labeling the four stage system of pressure
ulcers on the basis of the extent of soft tissue damage in
1975, described DTIs as innocent appearing lesions that
are potentially fatal [3]. However, it was only in 2007
when this injury pattern was formally recognized by
The National Pressure Ulcer Advisory Panel (NPUAP)
[4]. The NPUAP’s updated pressure ulcer classification
system relies on visible characteristics of skin damage.
It includes stage I through IV pressure ulcers (with
al Ltd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,

http://www.diagnosticpathology.diagnomx.eu/vs/1461254346108378
http://www.diagnosticpathology.diagnomx.eu/vs/1461254346108378
mailto:cherman.jhu@gmail.com
http://creativecommons.org/licenses/by/2.0
http://creativecommons.org/publicdomain/zero/1.0/


Bhargava et al. Diagnostic Pathology 2014, 9:36 Page 2 of 18
http://www.diagnosticpathology.org/content/9/1/36
stage I ulcers defined as the least severe - to stage IV
ulcers, which involve full tissue thickness loss), unstage-
able pressure ulcers and DTIs [4]. A DTI lesion, by
definition, is identified as a skin lesion with intact skin,
which is likely to evolve into an advanced stage III or
stage IV pressure ulcer [5]. Visible characteristics of the
injury may not appear on the skin surface until there is
substantial damage to the underlying tissue [5]. The
mechanism behind the progression of a DTI is likely
multifactorial, and may be related to a combination of
direct ischemic injury and indirect ischemia-reperfusion
injury with production of cytotoxic and inflammatory
mediators.
In view of above definitions, early injury detection

and appropriate preventive intervention, especially when
there are no visible signs of injury, are the most effective
management methods for DTIs. The challenge is to diag-
nose damage in the deeper tissue early, when there are
few visible signs of tissue damage on the skin surface.
As an example, nonblanchable erythema of the intact
skin is a characteristic that the NPUAP associates with
stage I pressure ulcers, but it may also be a sign of a
deeper tissue damage that occurs in DTIs [5]. There-
fore, the proper assessment of a wound (that presents
itself with minimal skin changes or even with non-
blanchable erythema), can prevent misclassification of
rapidly progressing DTIs as more innocent appearing
stage I pressure ulcers. The focus of the research groups
is to evaluate different techniques that can provide early
DTI detection. Ultrasonography is considered as one of
the most suitable techniques for detecting the extent of
soft tissue damage in DTI [5]. However, current diag-
nostic techniques use a qualitative approach and involve
subjective interpretation of results. Certain biomole-
cules have been tested as biomarkers of tissue damage
in animal DTI models, for establishing greater diagnos-
tic accuracy, but their applicability is yet to be examined
on human subjects [5]. The goal of this study is to de-
velop a computational thermal model (that explains to
explain the previously published, seemingly inconsistent
thermographic data) which will account for the patho-
physiological changes occurring in DTI and will provide
a means of early injury detection. Even more important
is that this model can serve as the foundation for a more
rigorous, quantitative interpretation of other soft tissue
thermographic images, which can lead to more exact
quantitative detection and diagnostic criteria.

Background
Although infrared (IR) thermography has been attempted
for the diagnosis of pressure related injury since 1970s,
the results of the studies were inconclusive. Different
thermal patterns were observed in thermographic im-
ages that showed skin tissue recovery from an external
pressure application [6]. In some of the thermograms,
the region, that was under pressure, appeared hotter than
the surrounding skin and it appeared colder in others.
Measurement of skin temperatures using thermocouples
also produced similar results [7]. While some studies re-
ported an increase in skin temperature [8-10], there were
others who reported temperature decrease at the site of
pressure injury [11,12]. These inconsistent observations
can be explained partly by the subjective interpretation of
images and partly by the limited insight into underlying
pathophysiological processes that cause changes in skin
temperature. Because of the seemingly inconsistent data
(both increase and decrease in temperature in addition
to normal temperature distributions), thermography
was abandoned for the diagnosis of DTI. The sequential
progression of ischemia and inflammation and the asso-
ciated temperature changes may not have been fully
appreciated in these prior studies and this is one of the
topics addressed in the present paper.
Computational modeling allows the analysis of a variety

of biophysical processes relatively inexpensively, in order
to improve the understanding of the underlying physical
and chemical processes for a range of system parameters
and properties. These models allow the investigator to
evaluate the influence of specific variables on the surface
temperature distributions that can be measured with IR
thermography. We postulate that computational models
for heat transfer in deep tissue injury can facilitate the
interpretation of thermographic images and can therefore
help to improve its diagnostic capability by decreasing reli-
ance on subjective interpretation.
Our quantitative heat transfer model for deep tissue

lesions explains the seemingly inconsistent temperature
fluctuations which were previously reported in the litera-
ture for pressure ulcers [6-12]. Notably, this model uses
ischemia and inflammation as predominant variables to
explain the temperature fluctuations associated with DTIs.
We believe this is the first step in creating a valid quantita-
tive DTI model, that can be used to perform parametric
and sensitivity analyses. The model also lays the founda-
tion for upcoming clinical trials.
In this paper, we first propose two sequences of under-

lying biophysical and chemical processes that lead to both
ischemia mediated and ischemia-reperfusion mediated
damage in DTI. In both cases, we identify the processes
leading to temperature changes (either increase or de-
crease). Next, a mathematical model describing the heat
transfer processes in the tissue of the heel is introduced.
The model is used to demonstrate the temperature
changes in the heel tissue for a range of lesion depths,
thermophysical properties and external conditions. The
results explain the influence of specific parameters on
the skin surface temperature distribution – which can
be measured non-invasively by IR thermography. They
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also elucidate the role of ischemia and inflammation in
the development of DTI.

Tissue physiology in DTI
Based on findings from the literature, the sequences of
events that lead to tissue damage in DTI are presented
schematically in Figure 1 for ischemia and in Figure 2
for ischemia-reperfusion mediated damage. The rectangu-
lar blocks in Figures 1 and 2 indicate characteristic events
and associated physiological response mechanisms. Litera-
ture sources describing a particular event are indicated in
each block. The arrows connecting the blocks form path-
ways that connect a series of events. The injury mecha-
nisms and physiological responses of the affected tissue
introduced in Figures 1 and 2 are related to changes of
blood perfusion ω, metabolic heat generation rate q and
temperature T. The magnitude of these parameters is
indicated by groups of arrows next to the blocks, with
an arrow pointing up suggesting an increasing trend
and vice versa. The changes of these parameters will be
tied to results from our modeling efforts, as well as to
thermographic findings in future research.
Figure 1 Ischemia mediated DTI mechanism and physiological respon
perfusion ω (marked green), metabolic heat generation rate q (marked oran
indicate decrease). An arrow pointing up indicates an increasing trend in a
indicate paths between the events. Relevant references are shown in each
Ischemia mediated damage in DTI
Application of external pressure compresses the muscu-
loskeletal tissue and causes skin perfusion to decrease
locally in the affected region (Figure 1a). This also causes
an initial decrease in skin temperature (Figure 1b). The
state of the tissue is described as ischemia as the tissue
experiences transient partial or complete loss of blood
supply [13]. Whether or not the tissue experiences any
permanent damage as a result of this reduced perfusion
depends on various factors (Figure 1c). The main deter-
minants include the magnitude of compressive forces,
the duration of loading, the baseline perfusion activity of
the tissue and the vascular integrity, as well as the im-
munocompetence of the patient. All these factors play
an important role in deciding the threshold for the onset
of tissue damage [14]. If the pressure disturbance is below
the threshold, thermoregulation processes are able to re-
store oxygen and other nutrients by adjusting the perfu-
sion rate in the tissue, thereby allowing the tissue to
recover its baseline state without suffering from ischemic
damage [15]. Removal of a tolerable pressure (a pressure
less than the damage threshold), should allow the tissue
ses of the affected tissue. The responses are related to changes in
ge) and temperature T (marked red to indicate increase and blue to
parameter and vice versa. Blocks denote key events and the arrows
block.



Figure 2 Ischemia reperfusion mediated DTI mechanism and physiological responses of the affected tissue. The responses are related to
changes in perfusion ω (marked green), metabolic heat generation rate q (marked orange) and temperature T (marked red to indicate increase
and blue to indicate decrease). An arrow pointing up indicates an increasing trend in a parameter and vice versa. Blocks denote key events and
the arrows indicate paths between the events. Relevant references are shown in each block.
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to regain its normal temperature or attain a slightly
higher temperature than the surrounding tissue due to
vasodilation and resultant hyperemia (especially if there
are increases in baseline perfusion levels during the post
injury modified thermoregulation process) (Figure 1e,
Figure 1j [15]).
Pressure levels above the tolerable pressure limit (above

threshold) will initiate a sequence of biochemical changes
that are capable of causing tissue damage and cell necro-
sis. Ischemic cells lacking sufficient oxygen to continue
aerobic metabolism will resort to anaerobic metabolic
processes for ATP generation [16]. The rate at which
the energy is generated during anaerobic metabolism is
much lower than the rate at which it is consumed by
the cells, resulting in an overall decrease in ATP levels
and decreased heat generation inside the tissue [16,17].
Because of reduced perfusion levels and decrease in meta-
bolic heat generation, tissue temperatures are lower than
the surrounding tissue (Figure 1d).
The extent of tissue damage varies with the severity of

ischemic conditions [16]. Cell necrosis is possible within
30 minutes under severe ischemic conditions (blood flow
levels are less than 10 percent of the control) (Figure 1f).
Under moderate ischemic conditions (blood flow levels
are between 10–35 percent of the control), tissue necrosis
can also occur if perfusion impairment persists for a suffi-
ciently long duration, usually longer than the previous
case (Figure 1g). The temperature decrease is expected
to be more pronounced in cases of severe ischemia than
moderate ischemia. The lowest temperatures of the ische-
mic cycle should occur in conditions of severe or moder-
ate ischemia, especially when the anaerobic metabolism
has been exhausted (Figure 1i). When subjected to mild is-
chemic conditions (blood flow levels are more than 35
percent of the control), tissue may withstand diminished
perfusion levels and the accumulated impact of anaerobic
metabolism long enough to avoid cell death (Figure 1h).
In this post injury state, the recovered tissue will either
attain its normal temperature or will have higher than
normal temperatures.

Ischemia-reperfusion mediated damage in DTI
Repeated ischemic insults, resulting in subsequent ischemia-
reperfusion cycles, hold the potential of causing greater
tissue damage than a single ischemic insult [18], as il-
lustrated in Figure 2. During post-ischemic tissue recov-
ery, revascularization occurs in the previously ischemic
tissue (Figure 2a). Local vasodilation increases tissue
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blood perfusion, thereby causing reactive hyperemia
and a temperature increase (Figure 2b). Endothelial injury
from ischemia may cause local swelling and diminished
flow and limit the reactive hyperemia in some parts of
injured tissue [17]. Tissue temperature in such regions is
expected to remain same as that of the previously ische-
mic tissue (Figure 2c).
During revascularization, oxygen re-enters the hypoxic

tissue [17] (Figure 2d) which initiates several potential
cell damaging pathways [19,20]. This includes generation
and accumulation of reactive oxygen species (ROS), re-
duction in nitric oxide levels (Figure 2f ), and activation
of complement cascade (Figure 2g) [19,20]. Imbalance
occurs in tissue superoxide-nitric oxide levels with in-
creased accumulation of ROS species and decreased
concentrations of nitric oxide levels [19] (Figure 2f ). Ac-
tivation of the complement cascade stimulates local
endothelial-white blood cell adhesion [17,21] (Figure 2g,l),
thereby releasing cytotoxic enzymes and more oxygen
free radicals (Figure 2f ). These changes can cause lipid
per-oxidation, edema and cell wall abnormalities resulting
in cell death (Figure 2i-k) [19].
In addition to the mechanisms already discussed, in-

creased delivery of substrates can cause washout of lipid
soluble intracellular metabolites (such as lactate mole-
cules and precursors of adenine nucleotide formation)
(Figure 2h) which could also result in cell death (Figure 2k)
[17]. An increased volume of cellular and intracellular
fluid, also a result of increased blood perfusion, results
in edema and aids in further release of inflammatory
mediators along with recruitment of white blood cells
[17] (Figure 2e). This increased perfusion along with the
release of inflammatory mediators and increased white
cell activity results in an increased temperature, which
can be detected thermographically. It should be noted
that the accumulated impact of multiple ischemia-
reperfusion cycles is likely to result in more cell injury
and death when compared to a single ischemic insult.

Heel DTI
In this work, we present a computational thermal model
of heel tissue as a representative thermal model of a
DTI. By obtaining thermographic measurements of an
injured heel and comparing measurement data to data
computed using this model, clinicians can gain better
quantitative insight into the properties of the DTI.

Heel anatomy and vascularity
Tissue perfusion is necessary to enable much needed
oxygen delivery as well as the removal of the products of
metabolism, and is one of the main determinants of tis-
sue viability. Perfusion is mediated through the central
nervous system which adjusts blood flow to meet tissue
metabolic demands. Several factors, such as temperature,
pain, external pressure, arterial and venous functions, can
all affect tissue perfusion. If tissue perfusion is inadequate,
cell death can occur, resulting in deep tissue injury.
The heel is one of the most common sites where DTIs

occur. It is composed of the talus bone, a thick and large
bone that comprises the posterior aspect of the foot
(Figure 3a). The inferior portion of the heel is covered
by thick skin and is well padded by a well-supported
structure, the cup ligament. The posterior aspect of the
heel, however, lacks this thick padding and also the rich
vascularity that characterizes the inferior portion.
Although the heel is equipped to handle the pressure

of walking, running or standing, prolonged immobility
in chronically ill patients can result in external pressures
of long duration to parts of the heel that normally are
not subject to prolonged pressure. When an individual is
recumbent for extended periods during hospitalization
or a profound disability, it is the posterior aspect of the
heel that is primarily subjected to prolonged compres-
sion against the talus bone. Interestingly, the posterior
aspect of the heel has the least amount of soft tissue and
also has the least vascularity. As the compression con-
tinues for an extended period, this low vascularized tissue
develops risk for ischemia and deep tissue injury. This is
especially the case among hospitalized patients where heel
DTIs cause significant morbidity [22].

Methods
Although thermographic imaging of DTI was attempted
in the past as a means of early diagnosis, the results ap-
peared inconclusive. Some studies indicated temperature
increase [8-10] while others showed temperature decrease
[11,12]. In our computational thermal model, we intro-
duce ischemia and inflammation as stages of DTI to ex-
plain the previously obtained seemingly contradictory
temperature findings.
To better quantify the thermal signatures associated

with ischemic and reperfusion processes, our heel model
included both a steady state analysis (corresponding to
data for steady state infrared imaging) and a transient
analysis (matches the conditions in dynamic infrared im-
aging). In the steady state analysis the skin surface is ex-
posed to ambient conditions. The goal of the transient
analysis is to enhance the temperature differences between
healthy and diseased tissue (when compared to the steady
state situation), which can yield a stronger measurement
signal in a clinical application. Therefore, the understand-
ing of the transient response of the tissue is critical. The
transient analysis begins with the skin (heel) exposed to
ambient conditions such as in the steady state analysis. At
time t = 0 cooling is applied to the skin surface (constant
surface temperature of 15°C for the duration of one mi-
nute in the present study). In a clinical setting, this can
be accomplished by applying a gel pack at 15°C to the
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skin surface. The duration of cooling and the cooling
temperature can be optimized for clinical applications
to minimize patient discomfort while achieving maximum
temperature differences. After the cooling is removed, the
tissue is again exposed to ambient conditions and it grad-
ually warms up to reach steady state temperature. This
reheating process is called the thermal recovery. Our goal
is to demonstrate that the thermal recovery of tissue previ-
ously subjected to cooling (which was previously used in
detecting melanoma [22]) would result in a characteristic
response (thermal signature) yielding a capability to quan-
titatively detect deep tissue injury, both at the ischemic
and inflammatory stages. The details of our mathematical
model and computational solution method are discussed
in this section.

Mathematical model and solution method
Heat transfer in human tissue can be modeled using the
well-established bioheat equation, introduced by Pennes
in 1948 [23]. It is a transient heat conduction equation
of the form

ρc
∂T
∂t

¼ ∇⋅ k∇Tð Þ þ ωbρbcb Tb−Tð Þ þ q; ð1Þ

where ρ, c, k, q, T are the local tissue density (kg/m3),
specific heat (J/kg∙K), thermal conductivity (W/m∙K), meta-
bolic heat generation rate (W/m3) and tissue temperature
(°C) respectively. ωb, ρb, cb and Tb represent the rate of tis-
sue blood perfusion (1/s), blood density (kg/m3), blood
specific heat (J/kg∙K) and arterial blood temperature (°C),
respectively. The equation describes the rate of change of
thermal energy within a differential control volume of the
tissue as being equal to the rate of the net amount of heat
that leaves/enters the control volume by heat conduction,
blood perfusion and metabolic heat generation.
We modeled the heel tissue cross section in the form

of a two-dimensional (2D) semi elliptical domain, as
shown in Figure 3b. The heel consists of six tissue layers:
epidermis (1), papillary dermis (2), reticular dermis (3), fat
(4), muscle (5) and bone (6). The elliptical lesion repre-
sents the DTI (7) in Figure 3b (note that this schematic is
not to scale and the thicknesses of the tissue layers are
overemphasized to clearly show the anatomical details).
Each layer is assumed to be homogenous and to have a
uniform thickness. Metabolic heat generation rate, blood
perfusion rate and thermal conductivity in each tissue
layer were also assumed to be uniform. A set of seven
coupled differential equations (one equation for each
domain) of the form

ρici
∂Ti

∂t
¼ ∇⋅ ki∇Tið Þ þ ωbiρbi cbi Tbi−Tið Þ þ qi

i ¼ 1; 2; 3; 4; 5; 6; 7; ð2Þ
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together with appropriate initial, boundary and interface
conditions describe the mathematical model of this prob-
lem. Skin layer thicknesses, lesion dimensions and ther-
mophysical properties used in the models are summarized
in Tables 1 and 2. Nominal values of skin tissue thermo-
physical properties were selected based on previously
published data [31,32].
The system of seven equations, Equations 2 is solved

using the conditions of the continuity of temperature

Tm x; y; tð Þjjm ¼ Tmþ1 x; y; tð Þjjm ;
m ¼ 1; 2; 3; 4; 5; 6;

ð3Þ

and heat flux

−km
∂Tm x; y; tð Þ

∂n
jjm ¼ −kmþ1

∂Tmþ1 x; y; tð Þ
∂n

jjm ;
m ¼ 1; 2; 3; 4; 5; 6;

ð4Þ
at the interfaces between tissue layers, where n is the
direction of the normal to a boundary. The boundary
condition of zero heat flux is used at the top horizontal
surface of the domain (Figure 3b). It can be seen from
Figure 4 that the distance between the lesion center and
the top surface is sufficiently large (2.2 cm) for the top
surface to feel the thermal influence of the lesion. Adding
to this, the heat flux from the skin layers is in the radial
direction and a uniform core body temperature is assumed
at the muscle-bone interface. The boundary condition for
the top horizontal surface is given by

−k
∂T x; y; tð Þ

∂n
jtop surface ¼ 0: ð5Þ

The interface between the muscle and the bone was
assumed to be at constant core body temperature

T x; y; tð Þjj5 ¼ 37
�
C: ð6Þ

Thermal modeling is performed in three steps: (i) compu-
tation of the steady state temperature distribution with the
skin surface exposed to ambient conditions, (ii) application
Table 1 Thermophysical properties of heel tissue used in the
stated)

Thickness (mm) Specific heat
(J/kg·K)

Thermal conductivity
(W/m·K)

Epidermis 0.46 [25] 3589 0.235

Papillary dermis 1.67 [25] 3300 0.445

Reticular dermis 1.67 [25] 3300 0.445

Fat layer 5 [25] 2674 0.185

Muscle 2.5 [25] 3600 0.51

Bone - 1300 [26] 0.4 [26]
of a cooling load on the skin surface, and (iii) computation
of thermal recovery temperature distributions of the skin
surface as a function of time after the removal of cooling
(the skin surface exposed to ambient conditions again).
The thermal boundary condition at the skin surface for
the steady state situation with skin exposed to ambient
air is

q} ¼ h∞ðT x; y; tð Þjskin−T∞Þ; t < 0 and t > tc;

with h∞ ¼ 12
W

m2 K
and T∞ ¼ 22

�
C:

ð7Þ
The temperature distribution determined for the steady

state solution was used as the initial condition for the
transient cooling process. The steady state temperature
distribution in the tissue not only predicts its thermal state
before the cooling begins, but also describes the state that
it gradually attains during thermal recovery process [31].
In the transient analysis we applied cooling to the skin
surface to examine the thermal recovery of both healthy
tissue and tissue with DTI. At time t = 0 the constant
temperature boundary condition

T x; y; tð Þjskin ¼ 15
�
C; 0 ≤ t < tc; ð8Þ

was applied on the skin surface to achieve cooling. In
this study the cooling duration tc = 1 min was selected.
This boundary condition can be approximated in a clin-
ical setting by applying a cold gel pack on the skin sur-
face for the duration of cooling that is optimized to
minimize patient discomfort and scan time. After the
cooling was removed at time t = 1 min, the convective
boundary condition described by equation (7) was ap-
plied again and the skin surface was allowed to recover
its steady state temperature. The temperature distribu-
tion found at the end of the cooling process was used as
the initial condition for the transient thermal recovery
process. The complete thermal recovery takes around
25–30 minutes, however the largest temperature differ-
ences are detected during the first few minutes. There-
fore this initial thermal recovery time interval is the one
of interest for clinical diagnostic applications.
simulations (all data is taken from [24] unless otherwise

Perfusion
rate (10-3) (1/s)

Metabolic heat
generation (W/m3)

Arterial blood
temperature (°C)

Density
(kg/m3)

0 0 - 1200

0.18 368.1 37 1200

1.26 368.1 37 1200

0.08 368.3 37 1000

2.7 684.2 37 1085

0 [27] 0 [27] - 2000 [26]



Table 2 Thermophysical properties of DTI used in the simulations

DTI Size of
lesion (cm)

Specific heat
(J/kg·K)

Thermal
conductivity (W/m·K)

Perfusion
rate (10-3) (1/s)

Metabolic heat
generation (W/m3)

Arterial blood
temperature (°C)

Density
(kg/m3)

Ischemia d1= 1.5 [28] d2=0.25 [28] 2450 [29] 0.1 [29] 0.405 [15] 342.1 [29] 35 [30] 1037 [29]

Inflammation d1= 1.5 [28] d2=0.25 [28] 2450 [29] 0.558 [24] 6.95 [24] 5262.5 [24] 37 [24] 1037 [29]
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Computations were carried out using the finite element
software COMSOL Multiphysics v4.3a. The mesh con-
sisted of 4932 free triangular elements. Figure 4 shows the
computational mesh along with the magnified region of
the lesion and its surroundings. Temperatures at the skin
surface and around the lesion were of primary interest in
the study. To achieve high spatial resolution, the max-
imum element size for the epidermis, the muscle and fat
layers was set as 1.3 mm, whereas the maximum mesh size
was 2.4 mm for the rest of the domains. The computa-
tional results differed less than 1% when the smallest
element size was set as 0.65 mm. Convergence of the
solution was ensured by setting the time step Δt as 0.1 s
for the first 5 minutes of thermal recovery and as 1 s for
the rest of the thermal recovery period.

Thermal staging of DTI
In this study, the early stages of a DTI lesion are charac-
terized either by ischemia or inflammation, and thermal
models were built for these two cases. Table 2 summarizes
the thermophysical properties for these two DTI models.
A multilayer model was also built to account for later
stages of DTI. Staging the injury in terms of ischemia and
inflammation is useful because it helps to explain the in-
consistency in previously reported thermographic mea-
surements of pressure ulcers. Temperatures computed for
these models were compared with temperatures from
the healthy tissue model. In order to evaluate the im-
pact of lesion depth on surface temperature distributions,
we considered three cases of subcutaneous tissue damage
in heel DTI: an 8 mm deep lesion representing damage in
the muscle and fat layers (Figure 3c), a 6 mm deep lesion
representing damage in fat layer alone (Figure 3d) and a
3.8 mm deep lesion representing damage restricted to
reticular dermis (Figure 3e).
Figure 4 Computational mesh for the heel cross section aa’ from Figu
being the major and the minor axis, respectively. The mesh consists of
Healthy tissue model
This model serves as the baseline model for comparisons
between healthy tissue and tissue with DTI. The healthy
heel model does not have any lesion and has normal
metabolic functioning. The thermophysical properties
for healthy tissue used in the mathematical model are
summarized in Table 1.

Ischemia model
This model predicts temperature distributions in the heel
tissue in the presence of deep tissue ischemia. In a pres-
sure related ischemic injury, partial or complete occlusion
of the blood vessels occurs when the magnitude of exter-
nal pressure exceeds the capillary closing pressure of
32 mm Hg [14], resulting in decreased perfusion levels
[15,33]. Decrease in metabolic heat generation rate is
postulated to occur as the tissue does not get sufficient
oxygen to sustain aerobic metabolic processes (also
shown in Figure 1d). Injury to the deep tissue causes
lipid accumulation in the degenerated tissue resulting in
lower density [28,29] and lower thermal conductivity
[29] values as compared to the healthy tissue. The ther-
mophysical properties of the lesion during ischemia are
summarized in Table 2.

Inflammation model
This model predicts temperature distributions in the heel
tissue in the presence of inflammatory processes which
occur after an ischemic injury. Laser doppler flowmetry
was used in a rat model to measure changes in skin per-
fusion levels in response to incremental pressure loading
[15]. An initial rise in blood perfusion was observed dur-
ing tissue loading phase (when pressure levels were
within tolerable limits). A larger second peak was caused
by ischemic reperfusion of the tissue and occurred after
re 3 with an 8 mm deep elliptical DTI lesion with d1 and d2
4932 free triangular elements.
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the pressure loading was removed. Inflammation may
occur early in the form of repair mechanisms which are
initiated by the adjacent healthy tissue (also shown in
Figure 1e or during post ischemic reperfusion when
inflammatory mediators are generated by metabolic pro-
cesses [19] (also shown in Figure 2d). In this model, we
characterized the lesion as a region of increased blood
perfusion and increased metabolic heat generation. Table 2
summarizes the thermophysical properties of the lesion
during inflammation, and the data indicate significant
increase in thermal conductivity, perfusion rate and
metabolic heat generation.

Multilayer DTI model
We define the multilayer DTI as a lesion which consists
of an inner ischemic region (core) surrounded by an outer
inflammation layer. Our multilayer DTI models are repre-
sentative of an injury phase during which the accumula-
tion of injured tissue (which may have been caused by an
ischemic insult) initiates an inflammatory response in the
surrounding tissue (also shown in Figure 1k) and it arises
at later stages of the DTI.

Results
Tissue with DTI can be distinguished from healthy
tissue by cooling down the skin surface and measuring
the thermal recovery as a function of time, as introduced
in the mathematical model. While the steady state situ-
ation yields relatively large temperature differences that
are easy to measure, even more information can be
gained and the temperature difference can be enhanced
(when needed, for example for small lesions) by considering
transient thermal recovery temperatures. In the present
study the skin surface was cooled down to 15°C, and its
transient thermal recovery was computed using the two
DTI models.
Figure 5 shows color-coded 2D heel tissue temperature

distributions (top row of images) computed by solving
healthy tissue and DTI models for ischemia and inflamma-
tion (Eqs. 2, 3, 4, 5, 6, 7 and 8) at 3.5 minutes into the
thermal recovery process. This time is selected because the
temperature difference between healthy tissue and lesion is
largest in the 3-4 min time range. The blue regions in the
color-coded images correspond to lowest temperature
and red regions to highest temperature. Figure 5a shows
2D temperature distributions and temperature profiles
in the healthy heel tissue, whereas Figure 5b and 5c
illustrate the tissue temperature variations for DTI is-
chemia and DTI inflammation, respectively. In the color
coded temperature images a temperature increase is
visible in the region of the lesion and its surroundings
for inflammation, whereas the temperature decreases
in this region for ischemia, when compared to healthy
tissue.
Tissue temperature is plotted as a function of tissue
depth along the line hh’ in the bottom row of images in
Figure 5. The black plots show the transient temperatures
at 3.5 minutes of thermal recovery and the green plots
show the steady state temperatures. The skin surface is at
h = 0 mm and h’ = 11.3 mm is the location of the bone-
muscle interface. For a 6 mm deep lesion, while the steady
state situation yields relatively large temperature differ-
ences at the skin surface (h = 0 mm) that are easy to meas-
ure (temperature decrease of 0.35°C during ischemia and
increase of 0.6°C during inflammation), the temperature dif-
ferences can be enhanced by considering transient tempera-
tures during thermal recovery. During transient recovery (at
3.5 minutes), a temperature decrease of 0.41°C is observed
during ischemia and a temperature increase of 0.7°C is
observed during inflammation. Both the 0.41°C temperature
decrease and the 0.7°C temperature increase (with respect
to the healthy situation) at the skin surface (h = 0 mm) can
easily be measured with modern, relatively low cost IR
cameras. The multilayer DTI model results (which will be
discussed later) show that even more information can be
obtained by considering thermal transient temperatures.
These two transient thermal responses were compared

with those of healthy tissue, as illustrated in Figure 6.
The point P at which the temperatures were computed
(located on the skin surface below the center of the DTI
lesion) is shown in the geometry schematic in Figure 6.
The results suggest that the skin surface temperature is
lower than the healthy skin in the presence of deep le-
sion ischemia and higher than the healthy skin during
inflammation. Complete thermal recovery takes about
20–25 minutes (Figure 6a) for a cooling load of 15°C of
1 minute duration, however, key information regarding
the nature of the DTI is available within the first 2–4
minutes of thermal recovery (Figure 6b). Therefore the
duration of a transient measurement would be 1-5
minutes, depending on the location and size of the lesion
as well as tissue properties, which is acceptable in a clinical
setting. The thermal recovery of the skin surface for the first
five minutes, of interest in a clinical application, is shown in
the magnified region in Figure 6b. For an 8 mm deep lesion,
the temperature difference for ischemia ΔTisc (Tischemia –
Thealthy) is in the range −0.25°C - −0.5°C. The temperature
difference for inflammation ΔTinf (Tinflammation-Thealthy)
is 0.5°C - 0.9°C during the first five minutes. Current
modern IR cameras and our dynamic thermal imaging
system [34] can be used to measure such temperature
differences to identify thermal changes associated with
deep tissue ischemia and inflammation.
Figure 7 shows the spatial dependence of the skin sur-

face temperatures along the heel periphery in the presence
of lesion ischemia and inflammation. The distance l,
measured along the heel periphery, is indicated in the
schematic in Figure 7a (top). The skin temperature is



(a) (b) (c)
Figure 5 Color coded 2D temperature distributions (top row) and temperature profiles plotted along hh’ (bottom row) for (a) healthy
tissue and (b) tissue with a 6 mm deep DTI for DTI ischemia and (c) inflammation. Temperature distributions are computed at 3.5 minutes
into the thermal recovery, at a time when the temperature differences of interest are large.
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plotted as a function of the thermal recovery time for
two lesion depths, h=3.8 mm (Figures 7a and 7c) and
h=8 mm (Figures 7b and 7d), as illustrated in color
coded 3D temperature plots in Figures 7a-d. The loca-
tion where the maximum temperature decrease or
increase is observed with respect to the healthy tissue at
a given recovery time corresponds to the distance be-
tween 35–55 mm along the heel periphery (Figure 7e),
which is the area immediately underneath the lesion.
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For an 8 mm deep ischemia lesion, at 3.5 minutes into
thermal recovery, the maximum temperature decrease be-
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was observed to be 0.41°C. The maximum temperature in-
crease for inflammation was 0.7°C (Figure 7f). Again, these
temperature differences can be measured using modern
IR cameras.
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DTI inflammation for three lesion depths: 3.8 mm (lesion
in the fat layer and reticular dermis), 6 mm (lesion in the
fat layer) and 8 mm (lesion in the muscle and fat layers).
The skin surface thermal response for first few minutes
(2–5 minutes) of the thermal recovery process was com-
puted for these lesion depths in the presence of DTI ische-
mia (Figure 8) and DTI inflammation (Figure 9). The skin
surface temperature decrease due to the presence of the
ischemic lesion is most pronounced for the lesion closest
to the surface, the 3.8 mm deep lesion. For 3.8 mm deep
ischemia lesion, the magnitude of temperature decrease at
later recovery times is, however, less as compared to its
magnitude at t=2 minutes. For lesions at depths of 6 mm
and 8 mm, a larger temperature decrease is observed dur-
ing the first 2–4.5 minutes of thermal recovery, when
compared to the decrease at t=5 minutes. The skin surface
temperature increases with decreasing depth of the in-
flammation lesion: as expected, the lesion closest to the
skin surface, a 3.8 mm deep lesion results in a higher
temperature increase than a 6 mm deep or an 8 mm deep
lesion. These results suggest that imaging times of 2–4.5
minutes will be sufficient for best sensitivity in dynamic
thermal imaging.
Surface temperatures computed using the ischemia and

inflammation models were compared with the healthy
tissue data, and the temperature difference results are
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presented in Figure 10. The temperature differences for
three depths of DTI ischemia and DTI inflammation le-
sions are shown for the 2-5 minutes period of thermal re-
covery. The top row of Figure 10 shows ΔTisc for ischemia
and the bottom row shows ΔTinf for inflammation. ΔTisc

for an 8 mm deep ischemia lesion, first decreases from
−0.38°C to −0.5°C between 2 to 4.5 minutes, and then
reaches the value of −0.45°C at 5 minutes. ΔTisc for a
6 mm deep lesion, decreases similarly from −0.45°C to
−0.5°C between 2 to 4.5 minutes and then reaches −0.41°C
at 5 minutes. For a 3.8 mm deep lesion the minimum of
ΔTisc was observed at 2 minutes and was approximately
−2°C. It increased from −2°C to −1.4°C at the end of 5 mi-
nutes. These results suggest that early times in the
thermal recovery process are important in the identifi-
cation of ischemic DTI lesions.
ΔTinf lies in the range of 1.7°C - 2.5°C for a 3.8 mm
deep lesion, 1.0°C - 1.6° for a 6 mm deep lesion and
0.25°C - 0.9°C for an 8 mm deep lesion for 2–5 minutes
of thermal recovery during inflammation. These data
suggest that the thermal signature of the inflammation
lesion becomes more pronounced (corresponding to a
larger measurement signal) when the lesion is closer to
the skin surface, as expected. Early times in the thermal
recovery process are also important in the identification
of inflammation DTI lesions.
Figure 11 shows temperature distributions computed

at 3.5 minutes into the thermal recovery for the multi-
layer DTI models that have an inner ischemic region
surrounded by an outer inflammation layer. These
models are representative of an injury phase during
which the accumulation of injured tissue (which may
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have been caused by an ischemic insult) initiates an
inflammatory response in the surrounding tissue. This
situation arises at later stages of the DTI. We modeled
three multilayer cases: an 8 mm deep ischemic lesion
surrounded by a 1.25 mm thick inflammation layer
(Figure 11a); an 8 mm deep ischemic lesion surrounded
by severe inflammation which extends up to the skin sur-
face (Figure 11b) – a precursor of a pressure ulcer; and a
3.8 mm deep ischemic lesion that is surrounded by
1.25 mm thick inflammation layer (Figure 11c). Tissue
temperature profiles plotted along line hh’ indicate that
these lesions cause an increase in the skin surface
temperature. Healthy tissue temperature distributions
computed at the same recovery time (3.5 min) are
shown in Figure 5a and serve as baseline data for
the multilayer DTI analysis.
The thermal recovery as a function of time was com-

puted for the three multilayer DTI models and results
were compared with healthy tissue as well as DTI ische-
mia, inflammation results for the same lesion depth
(Figures 11d-f ). Data in Figures 11d and 11e show that
the skin surface temperature is higher during thermal
recovery in the presence of 8 mm deep multilayer
DTI lesions than for the healthy tissue and the corre-
sponding inflammation and ischemia cases. The differ-
ence in temperature during the first five minutes of the
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thermal recovery period, defined as ΔT (TmultilayerDTI –
Thealthy), varied in the range 0.2°C - 0.8°C for the multi-
layer lesion with 1.25 mm thick inflammation zone
(Figure 11d) and between 0.5°C - 5.5°C for the multilayer
lesion with severe inflammation (Figure 11e).
In the presence of the 3.8 mm deep multilayer DTI lesion,

the skin surface showed both a temperature increase (inflam-
mation dominated thermal signature) and a temperature
decrease (ischemia dominated thermal signature) compared
to the healthy tissue during the thermal recovery period
(Figures 11f and 12a). The surface temperature distribution
is a result of the competing effects of temperature decrease,
an indication of ischemia, and temperature increase, an
indication of inflammation. Temperature decrease is detect-
able on the skin surface only during the early stages of the
transient analysis and not during steady state. The period of
temperature decrease was observed during the early ther-
mal recovery period, i.e. for t < 2 minutes (Figure 12b). The
maximum temperature decrease was −0.6°C. After this
period, temperature increase was observed as the skin
surface temperature recovered further (Figure 12b). The
maximum increase of 3.2°C was observed within the first
five minutes. This is over twice the value of the steady state
temperature difference of 1.5°C (Figure 12c) discussed
earlier. These results clearly illustrate the possibilities of
generating larger temperature differences (measurement
signals) and reducing measurement errors by using
dynamic IR imaging contrasted to steady state techniques.

Discussion
A thermographic scan of the tissue at risk for DTI will
either show normal skin temperature, a temperature drop
or temperature rise, when compared to the temperature of
surrounding healthy skin or the healthy tissue temperature
of the same body part measured at an earlier time. If at
risk patients are monitored over a longer period of time,
changes relative to earlier scans can also be considered for
the assessment of the potential for DTI and the quantita-
tive assessment of the level of damage caused by DTI. Our
computational analysis allows better insight into the pro-
cesses underlying the temperature changes manifested on
the skin surface and better qualitative and quantitative
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interpretation of data. Our computational thermal model-
ing results show that tissue ischemia and inflammation can
be manifested as skin surface temperature decrease and in-
crease, respectively. Coupling inverse reconstruction tech-
niques to surface temperature data obtained by IR imaging
[34,35], key parameters of the DTI lesion, such as dimen-
sions, depth, metabolic heat generation and blood perfusion
rates can be estimated [36], which is the subject of our
current research efforts. The long term goal of our study is
to relate thermographic scan information with key physio-
logical changes in the tissue to allow clinicians to detect
DTI in early stages and to provide necessary intervention
to mitigate its progression.
We summarize the conclusions from our computational

analysis in Figure 13. The plots qualitatively describe the
expected long-term skin surface temperature variations
during DTI occurrence and progression. Figure 13a shows
the evolution of changes of skin surface temperature from
a time when the tissue experiences sustained loading to
the time the tissue recovers and returns to a healthy
state. The initial drop in skin surface temperature will
be the result of a mild DTI ischemia lesion. Case I in
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Figure 13a accounts for the possibility of tissue recovery
after a brief ischemic episode. The thermoregulation
processes (Figure 1e), will be able to restore normal per-
fusion levels and recover the tissue to its healthy state.
The magnitude of temperature drop on the skin surface
during this period will depend on the extent of ischemic
damage, lesion dimensions and depth.
The possibility of severe inflammatory response (result-

ing from ischemic changes which lead to tissue necrosis)
and ischemia reperfusion mediated injury are considered
in Case II (Figure 13b). The plot in Figure 13b shows the
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Figure 13 Qualitative display of skin surface temperature
evolution over time for two clinical outcomes of DTI. (a) Case I:
tissue recovers from a brief ischemic episode and (b) Case II: tissue
suffers irreversible tissue damage as a result of severe inflammatory
response and ischemia-reperfusion injury.
evolution of skin surface temperature during the course of
irreversible tissue damage. Moderate to severe ischemic
conditions (Figures 1f, 1g, 1i, and 2c) will result in a DTI
ischemia lesion and a more pronounced temperature de-
crease. When post ischemic revascularization occurs, the
injury may start out as a single thin inflammation layer
around the ischemic region and transform into a multi-
layer DTI (Figure 1k) or into a DTI inflammation lesion
(Figure 2a) over time. A sustained temperature increase is
possible due to reperfusion cascade (Figure 2d-g and 2h).
Further research is necessary to examine the time scales
over which temperature decrease and temperature in-
crease would be observed. Furthermore, the impact of
larger scale tissue necrosis with substantial cell death
seen in later stages of DTI needs to be evaluated in
terms of thermographic monitoring.
Early detection of DTI using IR thermography will

benefit from regular thermographic monitoring of the
patient. Also important is the time when the patient is
imaged for the first time: this time may or may not co-
incide with the onset of deep tissue damage. It is thus
recommended to identify high risk patients as early as
possible and begin thermographic monitoring of the
skin surface temperature early.

Conclusions
We have demonstrated that a computational heel DTI
thermal model can explain previously published thermo-
graphic findings related to DTI and pressure ulcers. Is-
chemia and inflammation have been included as thermal
stages of early DTI in our computational model. Staging
the injury in this manner helps to explain the seemingly
inconsistent data in prior published thermographic mea-
surements of pressure ulcers. We demonstrate that
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tissue with early DTI, inflammation, ischemia or multi-
layer DTI, can be identified by measuring either steady
state temperature distributions or the thermal response
of the skin surface to a cooling stress and comparing it
with the thermal response of the healthy tissue. Ischemia
is characterized by decrease in skin surface temperature
and ischemia-reperfusion injury associated with inflamma-
tion is characterized by an increase in skin surface
temperature. For a deep lesion situated in muscle and fat
layers, a temperature increase between 0.25°C to 0.9°C
during inflammation can be expected, contrasted to a
temperature decrease between −0.2°C to −0.5°C during
ischemia – observed within the first five minutes of
thermal recovery period. Given the magnitude of these
temperature differences, thermographic imaging can be
used to identify early inflammation and ischemic changes
associated with impending infarction. The computational
model will help the clinicians to relate thermographic
findings with key physiological changes, to identify
patients with risk at an early stage of the injury, and
provide necessary intervention to prevent the spread-
ing of the lesion. A sensitivity analysis of skin surface
temperature distribution to parameters such as ther-
mophysical properties, blood perfusion rate, metabolic
heat generation rate, and tissue layer thicknesses is the
next step to better characterize early DTI lesions.
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