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Significance: Chronic wounds affect millions of patients worldwide, placing a
huge burden on health care resources. Although significant progress has been
made in the development of wound treatments, very few advances have been
made in wound diagnosis.
Recent Advances: Standard imaging methods like computed tomography,
single-photon emission computed tomography, magnetic resonance imaging,
terahertz imaging, and ultrasound imaging have been widely employed in
wound diagnostics. A number of noninvasive optical imaging modalities like
optical coherence tomography, near-infrared spectroscopy, laser Doppler im-
aging, spatial frequency domain imaging, digital camera imaging, and thermal
and fluorescence imaging have emerged over the years.
Critical Issues: While standard diagnostic wound imaging modalities provide
valuable information, they cannot account for dynamic changes in the wound
environment. In addition, they lack the capability to predict the healing out-
come. Thus, there remains a pressing need for more efficient methods that can
not only indicate the current state of the wound but also help determine
whether the wound is on track to heal normally.
Future Directions: Many imaging probes have been fabricated and shown to
provide real-time assessment of tissue microenvironment and inflammatory
responses in vivo. These probes have been demonstrated to noninvasively
detect various changes in the wound environment, which include tissue pH,
reactive oxygen species, fibrin deposition, matrix metalloproteinase produc-
tion, and macrophage accumulation. This review summarizes the creation of
these probes and their potential implications in wound monitoring.
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SCOPE AND SIGNIFICANCE

This review first provides an
overview of existing methods to eval-
uate chronic wounds followed by a re-
view of imaging modalities that have
been applied in wound diagnosis. Op-
tical imaging and new marker-specific
optical imaging advances are then
discussed. Review of previously stud-
ied and new markers is followed by

recent advances in development of
optical and luminescent imagers. This
review will be relevant to basic scien-
tists as well as clinicians who would
like to delve further into imaging-
based wound diagnosis.

TRANSLATIONAL RELEVANCE

Current wound diagnostic and
evaluation methods have not kept
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pace with the advances in diagnostic imaging for
various other illnesses. For example, optical im-
aging modalities are noninvasive and have already
been translated in clinical applications. Using
marker-specific optical imaging through the de-
velopment of specific probes, which has been re-
viewed here, could usher in a new era of more
efficient wound diagnostics.

CLINICAL RELEVANCE

Chronic wounds affect millions of people world-
wide. Understanding the pros and cons of current
methods and specific wound-based markerswillhelp
develop more effective optical imaging techniques.
Effective diagnosis of such wounds can lead to better
treatments, which may lead to quicker healing and
significant reduction in health care costs.

BACKGROUND

Despite routine treatment, chronic wounds fail to
progress through the normal healing stages in a
timely manner.1 It is estimated that chronic wounds
impair 1–2% of worldwide population, with over 6.5
million confirmed cases alone in the United States.2

In addition to encumbering the patient, chronic
wounds have a large economic impact, costing the
U.S. health care system over $20 billion dollars
annually.1,2 Chronic wounds can vary dramatically,
but generally fall under three categories: leg ulcers
(venous/arterial deficiencies), pressure ulcers, and
diabetic wounds.3 These wounds become increas-
ingly dynamic as they can be infected with various
microorganisms, which lead to complex routes of
healing. In addition, many chronic wounds are
found to have senescent cells that can impede
healing and augment risk of infection.4 Despite all
the advances in wound care over the years, diag-
nosing such wounds can be arduous for various
reasons. For example, as wounds fail to progress
through normal stage of healing, they become more
differential in regard to shape, size, and the extent
of skin/tissue damage, which is compounded by the
absence of uniformly accepted wound healing diag-
nostic methods. In this article, we use ‘‘wound im-
aging’’ when describing wound imaging modalities,
‘‘wound monitoring’’ when exclusively using wound
imaging modalities to assess wound healing process,
and ‘‘wound assessment’’ when describing all types
of methods for wound status assessment.

Current methods of chronic wound
monitoring

Physical assessment. Visual observation is
the most common tool for preliminary diagnosis of

chronic wounds.5 Its appearance can then be docu-
mented and categorized based on wound assessment
charts, such as the Bates-Jensen Wound Assess-
ment Chart (BJWAT), Pressure Ulcer Grade Re-
cording Charts, and Wagner Grading Scale. Wound
assessment charts have been the standard choice for
preliminary wound assessment. However, they lack
the ability to predict whether the wound being ex-
amined is in a regenerative phase.6 This information
can be crucial as it is known that wound healing in
chronic wounds usually stalls at the inflammatory
phase.4 Unfortunately, the inability of current di-
agnostic tools to predict treatment outcome or even
the stage of healing makes diagnosis speculative and
dependent on the expertise of the care provider.

Other than visual observation, wound measure-
ment tools exist in the form of wound photography
and digital tracings due to their efficiency in two-
dimensional wound assessment.7 Multidimensional
approaches using wound photography and digital
tracings have become particularly popular due to
their noninvasive nature. They are more accurate
with minimal direct interaction with the wound
compared to standard linear methods that use
measure tape. They have also increased the preci-
sion of wound measurements and analyses over re-
peated intervals.8 At the same time, digital wound
tracings can quantify epithelialization and per-
centages of necrotic and healthy tissues through a
procedure called digital planimetry as shown in
Fig. 1.9 Both photography and digital planimetry
offer unique methods to analyze and quantify
wounds with no statistical difference in accuracy
over regular intervals.10 Unfortunately, both tech-
niques lack the ability to predict progress in wound
healing process. These assessment methods have
been summarized in Table 1.

Another popular and noninvasive wound mea-
surement tool is the pulse oximeter that measures
oxygen saturation within the patient’s blood
capillaries, based on infrared light absorption of
oxygenated and deoxygenated hemoglobin.11 Pulse
oximetry has been used for determining arterial
insufficiency in patients suffering from venous leg
ulcers (VLU) and those at high risk for diabetic
ulcers.12 While pulse oximetry can help detect
early signs of ulcers and regionalize areas with
poor healing, irregular movement of the patient or
failure to accommodate measurements in cases of
low hemoglobin contributes to its inaccuracies.13

An emerging device, subepidermal moisture
(SEM) scanner, has been used for assessing the
risk of developing pressure ulcers. The device
comprises an integrated sensor, which is applied
to the skin with sufficient pressure to measure
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changes in the dielectric constant of the material
contacting the sensor. This change in subepider-
mal electrical capacitance reading at an anatomi-
cal site (like heel and sacrum) can help predict risk
for developing pressure ulcers (low risk for a
change <0.6 and increased risk if change ‡0.6).14

The SEM scanner has been widely considered an
objective and reliable method to assess SEM and
evaluate risk of pressure ulcers.15

Microbiological and biochemical assessment of
wounds. Infections can severely impair wound
healing process. They can be diagnosed with sev-
eral clinical tests.16,17 The most popular methods
for assessing microbes on/surrounding the wound
are swab tests and biopsies.16,17 Swab test can help
identify the type of pathogen on the wound surface
and inform the selection of a treatment plan.16 The
primary reason for culturing microbes from swab
tests is to isolate their colonies and uniquely iden-
tify them.17 In fact, it has been found that there is
no statistical difference between the species or its
frequency of isolation. In fact, deep tissue biopsies
have greater sensitivity than swabbing, especially
toward antibiotic-resistant isolates.18 However,
both tests take about 3–5 days for any conclusive
result, by when the condition of the wound would
have changed significantly. Hence, there is a need
for a multifaceted assessment tool to determine
multiple types of bacteria simultaneously.

Biochemical analysis of wound exudate (due to
blood leakages from capillaries) is another assess-
ment technique.19 Although in small quantity,
wound exudate can be collected from wound bed

using syringe or specialized devices.20 Biochemical
analysis of the macromolecules such as the pro-
collagen, elastin, and hyaluronic acid in wound ex-
udates can determine healing potential.21 Studies
have shown that wound exudate analysis provides
an effective way to assess the current state of the
wound and offers a facet of predictability compared
to many other wound assessment tests.19,22 Table 2
summarizes various microbiological and biochemi-
cal assessments discussed here.

Need for efficient diagnostic tools. With multi-
ple limitations of current wound assessment meth-
ods, both physical and microbiological/biochemical
testing,4 it is clear that there is a compelling need for
fast and effective multifaceted tools that can pre-
cisely identify various pathogens infecting the
wound. This tool should be able to assess wound
progression in real time, informing the user whe-
ther the wound is in a state of regression or re-
generation. Such a monitoring tool would help
immensely by decreasing financial burden on the
health care system by eliminating the need to
cycle through varied protocols of treatments. In
addition, the likelihood of wound regenerations
should significantly increase due to faster diag-
nosis of wound healing and infection status.

DISCUSSION
Current modalities for chronic
wound imaging

Two-dimensional wound imaging is preferred
over single-point wound assessment as the avail-

Figure 1. A brief overview of wound analysis using Digital Planimetry.

Table 1. Comparison of wound photography and digital planimetry methods on wound size measurement

Method Advantages Disadvantages

Wound photography Using digital photography to measure and
analyze wound size and dimensions.

Nonwound contact measurement. Universally
applicable. With short-term healing
predictability.

Lacks long-term predictability of healing
potential.

Digital planimetry Tracing the wound margin with transparent films,
and then manually counting the number of
grid boxes filled or partially filled by the
wounds or the wound area. The tracing can
also be imported into computer to calculate
wound area using a software.

High accuracy on wound size measurement. Requires wound contact. Only allows two-
dimensional wound measurement.
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ability of more information in the former enables
physicians to develop a more effective treatment
plan. Imaging techniques can provide measure-
ments of various wound parameters, including
wound size, wound depth, blood flow, temperature,
inflammation, and infection. Importantly, imaging
databases can help improve the study of wound
pathogenesis and, perhaps, help develop better and
effective wound treatments. Even though this re-
view mainly focuses on chronic wound imaging,
some imaging modalities used for burn wound im-
aging are introduced as well. These imaging mo-
dalities are computed tomography (CT), single-
photon emission computed tomography (SPECT)/
CT, magnetic resonance imaging (MRI), ultra-
sound imaging, and terahertz (THz) spectroscopy.4

CT scan has been used to assess bone and joint
pathology around the wounded region in the diag-
nosisof diabetic foot ulcers.23 Its highanatomicdetail
and resolution help illustrate osseous fragmentation
and joint dislocation.24 CT angiography, one of the
derivatives of CT, has been used to assess peripheral
vascularization of diabetic foot ulcers due to its
minimal invasiveness and three-dimensional visu-
alization.25 However, CT scan is always considered
an invasive imaging modality due to the inevitable
ionizing radiation.

SPECT/CT is radiotracer-based imaging modal-
ity which uses a SPECT gamma scanner with a
conventional CT scanner. With the high sensitivity
3D images provided by SPECT and high-resolution
anatomical images produced by CT, SPECT/CT has
been successfully used to assess regional micro-
vascular perfusion in the lower extremities for
evaluating peripheral artery disease, such as crit-
ical limb ischemia.26 Moreover, studies have shown
that 99mTc-labeled perfusion radiotracers can be
used in wound monitoring to reduce radiation ex-
posure as well as to increase image quality.27

Nevertheless, high cost as well as ionizing radia-
tion limit the application of this imaging modality
in routine wound monitoring.

MRI is usually preferred over CT in soft tissue
and bone pathology evaluation because of its en-
hanced resolution and higher sensitivity to infec-

tion.23,28 When osteomyelitis arises within chronic
wounds, MRI becomes the preferred imaging mo-
dality as well as a good surgical aid.29 Despite of its
high cost, MRI has been widely utilized in both
diagnosis and management of diabetic foot infec-
tions.24 MR angiography, which is similar to CT
angiography, has also been utilized in the evalua-
tion of distal arterial perfusion with nonionizing
radiation, but has limited spatial resolution.30

Ultrasound imaging has been widely used in
wound imaging due to its safety, low cost, diverse
functionality, high resolution, and real-time re-
sponse. Generally, it is carried out by sending an
acoustic pulse into the wound region and picking up
the reflected signal with an ultrasound transducer
(which can produce sound waves that bounce off body
tissues and pick up echoes that are sent to a com-
puter for image construction). With proper proces-
sing algorithms, a two-dimensional cross-sectional
image is generated based on the intensity of the re-
turned signals. Structures with small density varia-
tions such as scar tissue and fat will be visualized as
dark region, while structures with significant density
changes are labeled bright.31 High-frequency ultra-
sound, which usually produces higher resolution
images with shallow penetration depth, has been
utilized in dermatology,32 and in both quantitative
evaluation of wound structure and assessment of
wound healing status.32 Due to limited penetration
depth, the utilization of ultrasound imaging is re-
stricted to cutaneous wounds.

THz spectroscopy with its unique penetrability
can analyze changes in water content between
normal and diseased tissue. It has been used for
both in vivo and ex vivo evaluation of burn wounds,
where it detects interstitial edema and density of
skin structures.33 Moreover, THz emissions have
low photon energies, which make the imaging
modality nonionizing and safe for clinic applica-
tion.34 In burn wound assessment, THz spectros-
copy imaging and MRI showed comparable
sensitivity and resolution in tissue hydration gra-
dient detection.35 It is nonionizing unlike X-ray. It
can image without contacting the patient unlike
ultrasound. Also, THz can penetrate deeper than

Table 2. Three common microbiological and biochemical wound analysis methods

Test Swab test Wound biopsy Fluid exudate analysis

Methods Using a metal curette to collect surface
colonizing bacteria for bacterial analyses.

Using the ‘‘punch’’ method to isolate tissue from
wound bed for analyses.

Collecting wound fluid through syringe aspiration
or exudate-soaked dressings for analyses.

Advantages Relatively noninvasive procedure for wound
infection diagnosis.

Can identify wound invading bacteria; suitable
for histological analyses.

Analysis of the biomolecules to determine
healing potential.

Disadvantages Unable to detect invading bacteria or analyze
other wound conditions.

May damage wound further. Low reproducibility
due to sampling limitation.

With limited sample volume, while increasing
risk to infection.
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other imaging techniques like near-infrared (NIR)
imaging.

Ultrasound imaging is a good candidate for inves-
tigationof chronicwoundsdue to its lowercost,higher
spatial resolution, higher safety, and lower operation
time compared with CT, SPECT/CT, and MRI. How-
ever, for assessment of diabetic foot wounds and di-
agnosing infections, CT and MRI are more practical
as they have deeper penetration depth, provide better
anatomic details, and have higher sensitivity. Al-
though THz spectroscopy has mostly been used in
research, it has great potential to emerge as a pro-
minent diagnostic technique for burn wound assess-
ment with high sensitivity and resolution.

A general comparison between these imaging
modalities is summarized in Table 3 and Fig. 2.

Even though the above-mentioned conventional
medical imaging modalities are occasionally used
for anatomic assessment of chronic wounds, most of
them are cost prohibitive and cannot be widely
used for routine chronic wound diagnosis and
monitoring.36 To overcome these limitations, sev-
eral other imaging methods have been explored for
their ability to obtain not only structural informa-
tion but also functional and hemodynamic infor-
mation of the wound.

New optical imaging modalities for chronic
wound monitoring

Various noninvasive optical imaging modalities
applied for chronic wound imaging applications
include digital camera imaging, hyperspectral im-

Table 3. A comparison of five different imaging modalities for chronic wound diagnosis

Imaging modalities Application in chronic wound imaging Spatial resolution Safety Real time Time consuming Cost Penetration depth

CT Assessment of bone and joint pathology around
wounded region.

High Ionizing radiation No Medium Medium High

SPECT/CT Assessment of regional microvascular perfusion
in lower extremities.

High Ionizing radiation No High High High

MRI Soft tissue and bone pathology evaluation. Low General safe Sometimes High High High
Ultrasound imaging Dermatology, assessment of wound structure

and speed of flowing blood.
High Safe Yes Low Low Low

THz spectroscopy Assessment of burn wound Medium Safe Sometimes Low Low Medium

CT, computed tomography; MRI, magnetic resonance imaging; SPECT, single-photon emission computed tomography; THz, terahertz.

Figure 2. Luminescence imaging of pH during cutaneous wound healing. [Image courtesy from Schreml et al. (2011). ‘‘Copyright (2010) National Academy of
Sciences.’’107]
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aging (HSI), thermal imaging, optical coherence
tomography (OCT), laser Doppler imaging (LDI),
spatial frequency domain imaging (SFDI), fluo-
rescence imaging, and NIR imaging spectrosco-
py.37 These methods can gather a wide spectrum of
wound parameters such as blood flow, hemoglobin
content, moisture level, vascular structure, colla-
gen reestablishment, bacterial colonization, and
infection.

Digital camera imaging is the most cost-
effective, noninvasive, and easiest approach, which
can provide relatively accurate high-resolution
wound recording and size measurement. However,
this technique cannot ascertain the depth or vol-
ume of the wound, which can be vital for assessing
healing outcome. Hence, for wound depth mea-
surement, the time-of-flight camera has been uti-
lized by measuring the phase shift of reflected light
waves from the wound surface.38 Along with the
depth images, acquired RGB images are processed
by image processing algorithms (segmentation,
edge detection, color processing, active contouring,
and volumetric information) to determine the sur-
face wound size and wound boundary, and even
build up a three-dimensional structure of the
wound.39,40 For chronic wound imaging, the color
of the wounded tissue can also be processed to de-
termine the stage of healing.41 Due to the universal
applicability of this technique, it has been used not
only in routine wound diagnosis but also in clinical
trials of new wound care devices.42 Although this
imaging modality can estimate chronic wound
healing process, such estimates still need corrobo-
ration with other chemical and biological wound
information.43

HSI is a noninvasive optical imaging modality
that can capture a series of images, recording the
intensity of diffusely reflected light from the woun-
ded tissue, and generate a three-dimensional data
cube.44–46 Using halogen lamps or light-emitting
diodes as light sources and charge-coupled device or
hyperspectral camera as detectors, HSI can quantify
factors including oxyhemoglobin, deoxyhemoglobin,
and blood oxygen saturation, thereby reflecting the
extent of wound oxygenation.47 Perfusion parame-
ters, such as oxygenated Hemoglobin, deoxygenated
Hemoglobin, and total Hemoglobin, measured by
HSI has been used to distinguish burn depth (in-
termediate dermal, deep dermal, and full thickness)
in a mice burn wound model.48 The ability of HSI to
differentiate these levels of burn injury was verified
by histology. By generating anatomical wound oxy-
gen maps, this technique can evaluate healing po-
tential of diabetic foot ulcers.49 Overall, HSI has
shown unique strengths in identifying microvascu-

lature abnormality and tissue oxygenation in
chronic wounds, despite its limited imaging depth.

Thermal imaging or thermography is commonly
used to measure infrared radiation emitted from
the wound tissue using an infrared camera. As the
emissivity is proportionally related to temperature
of the object, the relative skin temperature of the
wound region can be determined through a color-
contoured image.50,51 Based on the fact that inflam-
matory reactions induce temperature elevation,
thermal diffusivity of the wounded tissue can be
quantified using thermal imaging to reflect the
extent and stage of wound healing.52 Generally,
skin temperature ranges between 31.1�C and
36.5�C. However, at the wound site, a prolonged
temperature increase of at least 1.11�C could in-
dicate the existence of infections and changes in
metabolic activity.53,54 Many enzymatic activities
are temperature dependent. Higher wound tem-
perature might induce stronger enzymatic reaction,
which can be used as an indicator of a prolonged
inflammatory phase. On the other hand, ischemic
chronic wounds may possess a lower temperature
due to decreased blood flow.55 Thermal imaging can
also be used to determine ‘‘burn depth’’ in the case of
burn wounds, by taking advantage of the fact that
an increased inflammatory process generates heat
at the superficial burn region, while vasculature
damage leads to lower temperatures at the deeper
burn region compared with intact skin.56 Thermal
imaging has also been developed to allow automatic
generation of chromatic and temperature patterns
of a wound with the acquired geometrical data.57

Moreover, by combining thermal imaging and vi-
sual appearance for wound diagnosis, a wound
monitoring smartphone application has been de-
veloped to enhance traditional appearance-based
wound healing monitoring as summarized in
Table 4.58 Despite these exciting progresses, ther-
mal imaging has many limitations associated with
its accuracy, specificity, and sensitivity.59 In addi-
tion, water loss caused by evaporation in the wound
may lead to image distortion.60

OCT is able to generate high-resolution cross-
sectional images of internal microstructure of the
tissue based on low-coherence interferometry.61 By
monitoring structural changes such as wound di-
mension, epidermal migration, dermal-epidermal
junction formation, vasodilation, vasoconstriction,
and epithelization during wound healing process,
OCT has been widely used as a noninvasive diag-
nostic tool in clinical applications.62–64 It has also
been utilized in the assessment of wound severity,
depth, and microvascular structure in burn
wounds through measurements of collagen bire-

250 LI ET AL.



fringence reduction and fiber orientation.65–67

Moreover, as chronic wound healing process is re-
liably associated with epithelialization, collagen
deposition, and inflammation, OCT has a great
potential for use in monitoring the progress in
chronic wound healing by quantifying that infor-
mation.68 Specifically, OCT angiography has been
used to quantify wound area and wound contrac-
tion rate,69 while density measurements have been
used to assess collagen deposition disorders.70

Ultrahigh-resolution OCT was also used to char-
acterize the backscatter from the inflamed tissues
in the wound bed in a punch biopsy injured mice
model to demonstrate the suitability of OCT in
monitoring cutaneous wound healing process.71

However, due to its poor tissue penetration capa-
bility, the application of OCT is limited to only cu-
taneous wound monitoring.

LDI is a unique imaging modality for blood flow
quantification by measuring wavelength varia-
tions of reflected and scattered electromagnetic
radiation after encountering moving red blood cells
and static surrounding tissue.60,72 Based on the
color-coded blood flow pattern, quantitative infor-
mation of blood flow, perfusion, and microvascula-
ture can be acquired by LDI in real time.73 As an
imaging modality approved by the Food and Drug
Administration (FDA) for burn wound depth mea-
surement, LDI can predict burn wound treatment
outcome and healing time through the vasculature
and blood flow measurements.59,74,75 However, in
the study of microcirculation and microvascular
deformation, LDI has limited application due to the
lack of accuracy and lower limb perfusion in dia-
betic patients.76,77

SFDI is another new noncontact optical imag-
ing modality, which reveals optical properties of
wounded tissue over a wide field by separating and
quantifying absorbed and scattered incoherent
monochromatic light.78 Factors such as oxygen
saturation, blood volume, and water fraction can
be measured with SFDI and this information can
be used to interpret vascularization and infection
of the wounded tissue.79 SFDI has been used to

measure the wound depth and severity, and iden-
tify infection in burn wounds.80 It has also been
shown to quantify tissue oxygen saturation and
blood volume, which may reflect physiological
changes as well as vascular occlusion in the
wound.81 However, the limited scanning area
makes SFDI a time-consuming and inefficient
modality for imaging large wounds.

Fluorescence imaging has been utilized to detect
either autofluorescence (AF) of endogenous fluor-
ophores at the wound site (such as collagen and
elastin) or topically administered exogenous fluo-
rescent dyes. For example, nicotinamide adenine
dinucleotide is usually measured at the wound site
as an endogenous fluorescent marker, because it
plays an important role in oxidative phosphoryla-
tion and reflects cellular metabolic activity, both of
which have strong relationship with wound heal-
ing progress.82,83 Fluorescence imaging method
has been applied to quantify wound size, closure
extents, and gaps based on dermal fluorescence of
pepsin-digestible collagen cross-links in an ex vivo
human skin wound healing study.84 For exogenous
fluorescence imaging process, the most widely used
fluorescent dye is indocyanine green (ICG), which
has been approved by the FDA for intravenous in-
jection for imaging.85 Through intravenous injec-
tion of ICG, fluorescence imaging can be used to
reveal wound depth and vascularization around
the wound.86,87 As the signals are collected directly
from the fluorophores at the region of interest,
fluorescence imaging generally possesses high op-
tical contrast compared with other imaging mo-
dalities.88 However, the time taken for delivery of
the dye can make the process time-consuming.

NIR spectroscopy is a noninvasive modality that
measures maximum light absorption wavelengths
of different components, including oxygen satura-
tion, hemoglobin content, and water content,
around wound sites.89 For example, it has been
used to measure burn wound depth and edema.
NIR imaging can be used to quantify hemoglobin
content that reflects oxygen saturation and can
estimate the depth of burn wound.74,75 In addition,

Table 4. Recent approaches and achievements on thermal imaging research on wound monitoring

Approaches Achievements Limitations

Automatic thermal
imager

An innovative and noninvasive optical imaging
system that consisted of a structured light
based three-dimensional optical scanner and a
thermal imager.

Generate chromatic and temperature patterns of
a whole wound and help in monitoring chronic
wounds by measuring extension, depth and
temperature distribution of the leg ulcers.

The equipment cost is high. The imaging requires
a tedious and labor-intensive process.

Smartphone based
thermal imager

A smartphone attached thermal imager which
merges thermal images and visual appearance
of wound.

Record wound temperature variation to calculate
the wound healing index as well as wound
blood flow.

The imaging could not distinguish treated
wounds from untreated ones. More work is
needed to further develop the imager.

DIAGNOSTIC IMAGING OF WOUNDS 251



it has been utilized to monitor wound healing pro-
cess in both preclinical animal models and human
patients of burn wounds and diabetic ulcers.90–92

However, due to the potential overlap/shifting of
the absorption wavelengths of various components,
NIR spectroscopy can sometimes lack specificity.

Digital camera imaging, thermal imaging, and
NIR spectroscopy are all simple optical imaging
methods, which require plain imaging conditions.
However, they share a common disadvantage of
poor specificity. HSI and OCT are mainly used to
image the microvasculature in chronic wounds, but

their poor imaging penetration depth limits their
application. SFDI requires long scanning time and
fluorescence imaging requires intravenous injec-
tion of imaging agent, which make neither method
practical for routine clinical application. LDI fails
to detect microcirculation and microvascular de-
formation in diabetic patients due to low limb
perfusion.

A summary of these optical imaging modalities
has been listed in Table 5. The specificities
and sensitivities of different imaging modalities
can be found in the cited references. All the above-

Table 5. Comparison of commonly used optical imaging modalities for wound monitoring

Imaging modalities Principle and application Advantages Disadvantage

Digital camera imaging Optical images processed by software. Simple, universal applicability. Lack of physiological
information.Determine surface wound size, wound boundary; build 3D

structure; assess the stages of chronic wounds.
Hyperspectral imaging Capture a series of images recording the intensity of

diffusely reflected light from the wounded tissue and
generate a three-dimensional data cube.

Simple, suitable for microvasculature
abnormality of chronic wounds.

Limited imaging depth

Quantify factors including oxyhemoglobin,
deoxyhemoglobin, and blood oxygen saturation;
measure burn wound depth; evaluate healing potential
of diabetic foot ulcers.

Thermal imaging Measure infrared radiation emitted from the wound
tissue using an infrared camera.

Simple, portable, real-time imaging. Limited accuracy, specificity, and
sensitivity.

Quantify the extent and stage of wound healing process
and measure the depth of burn wounds.

Optical coherence tomography Generate cross-sectional images of internal
microstructure of the tissue based on low-coherence
interferometry.

High resolution, suitable for
noninvasively monitoring wound
healing processes.

Limited imaging depth.

Monitor wound dimension, epidermal migration, dermal-
epidermal junction formation, vasodilation,
vasoconstriction, and epithelization during wound
healing process.

Laser Doppler imaging Measure wavelength variations of reflected and
scattered electromagnetic radiation after encountering
moving red blood cells and static surrounding tissue.

Real-time imaging, suitable for burn
wound monitoring.

Low accuracy, not feasible for
diabetic patient with lower
limb perfusion.

Acquire quantitative information of blood flow, perfusion,
and microvasculature in real time; predict burn wound
treatment outcome and healing time.

Spatial frequency domain imaging Reveal optical properties of wounded tissue through
separating and quantifying absorbed and scattered
incoherent monochromatic light.

Noncontact, able to distinguish infection
and noninfected wounds.

Limited scanning area, high time
consuming.

Measure oxygen saturation, blood volume, and water
fraction; interpret vascularization and infection of the
wounded tissue.

Fluorescence imaging Detect either autofluorescence of endogenous
fluorophores or administered exogenous fluorescent
dyes at the wound site.

High optical contrast, simple imaging
process and condition.

Minimally invasive due to
intravenous injection of ICG.

Monitor wound healing process through measuring
oxidative phosphorylation and cellular metabolism
activity to reveal vascularization and wound depth at
the wound region.

Near-infrared spectroscopy Measure maximum light absorption wavelengths of
different components, which are associated with blood
oxygen saturation, hemoglobin content, and water
content.

Noninvasive, high resolution. Lack of specificity.

Compute burn wound depth; quantify edema; monitor
diabetic ulcers and burn wound healing process.

ICG, indocyanine green.
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mentioned optical imaging modalities have their
distinct operating principles and feasible applica-
tions in the field of chronic wound monitoring.
Nevertheless, they all have their own limitations
due to the natural property of optical light and
operational obstructions. To overcome their limi-
tations, multiple optical imaging modalities should
be utilized simultaneously to increase the sensi-
tivity of diagnosis.

Representative marker-specific optical
wound imaging

Numerous markers have been investigated for
their ability to monitor the complex process of
wound healing. Some of these include bacterial
load, microbial cytokine, DNA, matrix metallopro-
teinase (MMP), growth factors, immunohisto-
chemical markers, inflammatory mediators, nitric
oxide, pH, reactive oxygen species (ROS), temper-
ature, tissue oxygenation, and transepidermal
water loss from periwound skin (Table 6).93 This
section summarizes developments in such marker-
based imaging probe for optical wound imaging.

Oxygen. Adequate blood flow and oxygen satu-
ration at the wound site are essential for angiogen-
esis, collagen synthesis, and epithelialization.94

Moreover, high amount of oxygen may promote in-
flammatory cells to produce antimicrobial oxidants.95

In fact, hyperbaric oxygen therapy has also been
shown to promote healing.96 Since there is a good
relationship between tissue oxygen and wound
healing status, many groups have used optical im-
aging modalities to measure the absolute concen-
trations of oxyhemoglobin and deoxyhemoglobin as
their absorption spectra are distinct at NIR wave-
lengths, which are summarized in this study.

Moza et al. fabricated a point-of-care multi-
wavelength imager to derive valuable perfusion
and oxygen-metric data on wounds.97 By using
complementary metal-oxide-semiconductor imager
to image wound at 660 and 860 nm wavelengths,
hyperemic conditions can be assessed based on the
reflectance ratios between these two wavelengths.

Since it can quantitatively monitor and analyze
tissue oxygenation in real time, this imager can
also be utilized for in situ measurement of wound
blood flow and assessment of wound healing prog-
ress. It achieves this by evaluating hemodynamic
behavior in a time- and tissue-dependent manner,
which would contribute to the treatment of pres-
sure ulcers.

In what is one of the earliest uses of NIR imaging in
VLU, Lei et al. developed a handheld NIR optical
scanner to differentiate healing from nonhealing
VLU based on differences in blood flow (oxygenation
and deoxygenation) to the wound and its surround-
ings.98 The system consists of an 830-nm LED and an
NIR-sensitivecameratorecordthediffusereflectance
images of the wound. In addition, the ability of using
this approach to distinguish healing and nonhealing
wounds is independent of the varying imaging and
data processing conditions. Optical hemodynamic
imaging of VLU and the physiological oxygenation
measurements can enable prediction of the healing
potential before actual reduction in wound size.

Patel et al. used the SPY� fluorescent imaging
system (Novadaq), which is functionally based on
ICG angiography, to prognosticate healing process
of foot ulcer in critical limb ischemia.99 Through
intravenous injection of ICG, real-time fluores-
cence images are taken to assess vascularization
and tissue perfusion in patients with diabetes foot
ulcer. Compared with other imaging modalities,
this technique provides qualitative and quantita-
tive real-time visual images of perfusion in the
areas of interest. In fact, nonhealing patients mis-
diagnosed with the traditional ankle-brachial in-
dex and transcutaneous oxygen pressure methods
were accurately diagnosed by ICG angiography
data.99 Conclusively, ICG angiography can predict
healing in nonhealing foot ulcer in critical limb is-
chemia patients after revascularization procedure
with great sensitivity.

pH. Wound pH has significant effect on wound
healing process.100 Normal wound healing com-
prises of overlapping, yet distinct phases, namely,
hemostasis, inflammation, proliferation, and re-
modeling. Interruption of any of these phases can
lead to chronic wounds. It is known that wounds
with higher pH have lower healing rate than those
with lower pH.5 In fact, chronic wound environ-
ment typically exhibits a high pH ranging from 7 to
9 and lower rate of healing compared to wounds
with lower and even neutral pH.100 On the other
hand, actively healing wounds with inflammatory
responses are accompanied with tissue acidity.101

In concurrence with these findings, it has also been

Table 6. List of potential markers for wound healing
monitoring

Bacterial load/specific microbial
species/biofilms

Inflammatory mediators

Cytokine release Nitric oxide
DNA Nutritional factors
Enzymes and their substrates pH of wound fluid
Exposed bone/foreign body reactions Reactive oxygen species
Growth factors and hormones Temperature
Immunohistochemical markers Transepidermal water loss

from periwound skin
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found that acidity of the wound milieu promotes
wound healing process in the following ways: in-
fection control,102 increase in antimicrobial activi-
ty,103 reduction of neutrophil elastase activity,104

release of oxygen to improve cell survival,105 re-
duced toxicity of bacterial end products,100 and
promotion of epithelialization and angiogenesis.106

Interestingly, when a chronic wound is on track to
a normal healing process, the pH of the wound
environment changes from alkaline to neutral and
then to acidic when healing begins.100 It is rea-
sonable to presume that pH of the wound envi-
ronment could provide invaluable insights into the
state of wound healing. Some of the more sub-
stantial recent work on pH-based probes, both
in vitro and in vivo, are summarized in this study.

A photoluminescence-based method for 2D pH
distribution measurement was used in human
wound studies (Fig. 2).107,108 The novel referenced
photoluminescent sensor is based on a ratiometric
imaging principle where two distinct fluorophores
[FITC-AC, pH sensitive; Ru(dpp)3-PAN, pH in-
sensitive] were bound to microparticles. These
particles were then immobilized in polyurethane
hydrogel on transparent foils. Based on the linear
relationship between pH value and the ratio of the
two fluorescence intensities, the sensor can be used
to determine pH distribution map in wounds. Due
to the unique property of ratiometric imaging, de-
termination of pH value is independent of topical
concentration of the microparticles. Furthermore,
split-thickness skin graft donor sites were used to
test pH of cutaneous wound healing in three major
phases: inflammation, proliferation, and tissue
remodeling. With data processing, pseudo color
images can be generated to reflect local pH differ-
ences during wound healing and detected inflam-

matory phase in the chronic wound. Interestingly,
pH was found to continuously decrease during
physiological healing process.109

A new method for imaging both pH and oxygen
simultaneously was introduced recently in which
the image was acquired by a conventional digital
camera as shown in the illustration (Fig. 3).110

Briefly, a sensor film, which was loaded with three
dyes [pH-sensitive fluorophore isothiocyanate
(FITC; kem 530 nm; signal stored in the green
channel), oxygen-sensitive probe platinum(II)-
5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorophenyl)
porphyrin (kem 650 nm; stored in the red channel),
and reference fluorophore diphenylanthracene
(DPA; kem 440 nm; stored in the blue channel)] la-
beled polymer microparticles, was applied on the
wound. The camera worked as a rudimentary
spectrometer for ratiometric imaging with one ex-
citation wavelength and three emission wave-
lengths, which matched three color channels of the
camera. The imaging modality offered pseudo color
images that could distinguish differences between
intact skin, acute wound, and chronic wound based
on the pattern of pH and oxygen distribution.
In vivo application showed that due to the high
oxygen demand during inflammation and tissue
formation during wound healing, the heteroge-
neous chronic wound was hypoxic with alkaline
pH.110

Flexible pH-responsive hydrogel fibers have also
been fabricated for long-term epidermal pH moni-
toring.111 Briefly, the pH-sensitive dye, brilliant
yellow, was conjugated onto mesoporous micro-
particles and incorporated into hydrogel fibers us-
ing a microfluidic spinning system. The color of the
hydrogel fiber changed instantly from dark red to
yellow when the pH changed from alkaline to acid.

Figure 3. Illustration showing simultaneous imaging of pH and pO2 in wounds using a digital camera fitted with a 405 nm-LED ring light and an emission filter
for photographing wounds covered in a sensor film to generate pO2 and pH maps comparing acute and chronic wounds.
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Through simple digital imaging, a quantitative pH
map of the hydrogel fibers and the underlying tis-
sue was extracted. This pH-responsible hydrogel
fiber device can provide on-site wound pH mea-
surement and enable monitoring of the wound
healing process through a smartphone camera.

Reactive oxygen species. ROS play a role in
wound healing through multiple mechanisms.
First, ROS products are secondary messengers to
many immunocytes and nonlymphoid cells, which
are positively involved in the repair process.112

Second, ROS can regulate angiogenesis and per-
fuse into the wound area by acting as intracellular
signaling mediators, which activate related cyto-
kines.113 For example, mitochondrial-derived ROS
can activate LPS-mediated production of proin-
flammatory cytokines, such as IL-1b, IL-6, IL-18,
and TNF-a.114,115 Third, as part of respiratory
burst, phagocytes release ROS products, which are
essential for defending against invaders.116 Fi-
nally, topical administration of Surgihoney Re-
active Oxygen was used as antimicrobial agent to
eradicate Pseudomonas aeruginosa, methicillin-
resistant Staphylococcus aureus, and mixed coli-
forms in infected ischemic foot ulcer.117

A luminescent probe—L012—was explored for
its ability to assess inflammatory responses to
biomaterial implants.118 L012 emits chemilumi-
nescent signals upon reacting with ROS that con-
tain superoxide O2

-.119 Intravenously injected
L012 was able to assess the extent of ROS activities
and associated inflammatory responses in mice.118

However, luminescence intensity is both ROS ac-
tivity and L012 concentration dependent. To
eliminate the influence of L012 concentrations on
ROS activity measurement, a ratiometric ROS

probe was fabricated through conjugation of both
ROS-sensitive chemiluminescent agents and ROS-
insensitive fluorescent reference dye onto particle
carriers.120 The extent of localized ROS activities
was demonstrated to be proportional to the ratio of
bioluminescence to reference fluorescence inten-
sity regardless of the ROS probe concentration and
tissue thickness. The study quantified this differ-
ence and found that infected wounds had almost 12
times the intensity ratios of noninfected wounds. A
typical representative illustration is shown in
Fig. 4. Using murine models of open wound in-
flammation and infection, this ratiometric probe
was able to distinguish inflammatory wound from
intact skin and quantify the severity of infection in
real time. The results show that the ROS probes
have good cell and tissue compatibility and no ap-
parent toxicity in animals. The results of this study
suggest that these ratiometric ROS-specific probes
may be used to assess and detect wound inflam-
mation and infection in real time.

Hypochlorous acid (HClO), a type of ROS, does
play a role in the host’s resistance to microbial
pathogens in the innate immune response. It is
produced and then released during the oxidative
burst. To assess HClO activities in real time, a
quinolone-based ratiometric two-photon fluores-
cent probe, QClO (quinolone based for ClO-), was
designed and investigated in wounded tissue.121

After encountering HClO, the emission of blue
wavelength from the probe decreased, while green
wavelength increased. The fluorescence intensity
ratios of green to blue wavelengths were proven
to be positively proportional to concentrations of
HClO in the measured milieu with high sensitivity.
By using two-photon microscopy, the probe was
capable of monitoring HClO in situ in the wounded

Figure 4. Illustration showing the application of ROS ratiometric probe on open infection wounds in a murine model. None, Medium, and High indicate various
amounts of bacteria administered onto open wounds. The fluorescent, chemiluminescent, and superimposed images reflect the amounts of administered
probes, ROS activities, and ratiometric ROS activities, respectively. The overall results show that, with the same amounts of probes administered, increase
administered bacteria numbers intensify ratiometric ROS signals. ROS, reactive oxygen species.
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tissues of mice, which also indicated the potential
of using the probe to monitor the level of HClO
production during the wound healing process.121

Bacteria. Skin is the first line of defense in the
human body. Upon injury, microorganisms are
much likely to get into the underlying tissue. The
contaminated wound can be classified into four
levels, including contamination, colonization, local
infection/critical colonization, and invasive infec-
tion.122 Contamination with microorganisms may
prolong the inflammatory phase of the wound,
impeding its healing process. Unfortunately, as
mentioned earlier, current clinical procedures used
to detect wound infection—swab and biopsy—take
a few days to obtain the diagnosis. Thus, there is a
need for the development of a new imaging method
for the detection of bacteria in wounds.

To detect the presence of bacteria, a bacteria-
targeting ligand—Concanavalin A (Con A)—was
used to fabricate a bacterial imaging probe. In fact,
a nanoprobe (Con A-IR750) constructed by conju-
gating Con A and an NIR fluorescent dye (IR-750)
was demonstrated to target superficial wound sites
infected by luciferase transgene S. aureus and
subcutaneously implanted infected catheters in
mice models.123 Luciferase was the biomarker of S.
aureus, while NIR fluorescent probe was fabricated
to target bacteria. By overlapping the NIR and lu-
minescent images, the study was able to show the
co-localization of luminescent and fluorescent sig-
nals, which demonstrate the specificity of NIR
fluorescent probe to diagnose the presence of bac-
teria on catheter in vivo. Since the fluorescence
signal from the infected wound site can be quanti-
fied rapidly and increases proportionally with
bacterial load, this optical imaging technique ap-
pears promising for clinical applications in evalu-
ation and diagnosis of infection.

Bacterial imaging probes have also been utilized
to eradicate bacteria. For example, bacterial probe
has been fabricated by first labeling UBI29–41 (an
antibacterial peptide fragment) with an NIR fluo-
rescent dye (ICG02). Through in vivo targeting
study, the probe was proved to have high specificity
to different types of bacteria, such as S. aureus,
Escherichia coli, and P. aeruginosa. Subsequently,
UBI29–41, the targeting ligand of the probe, was
conjugated with a bacteriostatic chloramphenicol
through the linker glutaric anhydride for bacteria-
targeting therapy in an S. aureus-infected mice
model.124

Most recently, a handheld portable AF imaging
device was developed to detect bacteria around
wound site in real time. The technology is based

on the light-absorbing properties of endogenously
produced bacterial porphyrins, which play impor-
tant roles in the metabolism of molecular oxygen
and diatomic gases, as well as gene regulation.125

This study involving patients with diabetic foot
ulcers found that the AF imaging device could de-
tect various extents of bacterial load with greater
accuracy and speed compared to the Levine swab-
bing technique. In fact, wounds that were identi-
fied as not infected by the swabbing technique were
correctly determined to be infected by the AF im-
aging device. This imaging modality may help cli-
nicians better diagnose infection in chronic wounds
by facilitating maximum sampling of treatment-
relevant pathogens in the future.

Matrix metalloproteinase. MMPs, a large family
of zinc-dependent endopeptidases, are secreted by
epidermal cells, macrophages, keratinocytes, and
fibroblasts in mammals, influencing the wound
healing process.126 Biologically, MMPs are se-
creted by myofibroblasts that participate in the
early phase of granulation tissue formation and
become fully developed in the phase of wound
proliferation. MMP-1 promotes both human kera-
tinocyte migration on fibrillar collagen127 and
wound contraction as demonstrated by a study that
showed reduction in dermal myofibroblast differ-
entiation and wound contraction in MMP-2
knockout mice.128 MMP-2 can mediate platelet
adhesion as well as aggregation,129 while MMP-7
is required for reepithelialization of mucosal
wounds.130 MMP-8 has been shown to promote
cutaneous diabetic wound healing.131 Commer-
cially available, MMPSense 750 fast fluorescent
imaging agent (PerkinElmer), has been used for
imaging MMP activities in animals. The probe is
optically silent upon injection and produces fluo-
rescent signal after cleavage by disease-related
MMPs, including MMP-2, -3, -7, -9, -12, and -13.132

MMPSense 750 probes were used to assess the
dynamics of MMP activity in a subcutaneous ani-
mal model of infection. Significantly greater fluo-
rescent signal was observed at the LPS treatment
site compared to the phosphate-buffered saline
control. The results support that wound infection
might lead to the production and release of
MMPs.133 Despite these exciting findings, further
studies are needed to determine whether this or
any other MMP imaging probe may be used to di-
agnose wound healing process.

Macrophage. Macrophages and their polari-
zation have been shown to affect chronic foreign
body reactions and wound healing process.134
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Macrophages play different roles in wound healing
processes, which include host defense, induction
and resolution of inflammation, phagocytosis of
apoptotic cells, promotion of cellular proliferation,
and finally, tissue restoration/regeneration. On the
other hand, the dysfunction of macrophage may
lead to nonhealing and poorly healing wounds by
eliciting excessive inflammation and fibrosis.135 To
uncover the complex and dynamic macrophage
responses, there has been an increased interest, in
recent years, in the development of imaging probes
to monitor.

Macrophages in inflamed tissues are known to
have upregulated folate receptor (FR).136 By taking
advantage of this unique characteristic, a study has
shown that folate-conjugated NIR nanoprobes can
be fabricated to target activated macrophages, en-
abling the detection and quantification of the extent
of biomaterial-mediated inflammatory responses
in vivo.137 The FR-targeting NIR nanoprobes were
synthesized with an IR750 dye (a hydrophobic dye
with kem at 758 nm)-encapsulated polystyrene core
and a poly(N-isopropylacrylamide) shell. The sur-
face of nanoprobes was conjugated with folic acid
(or folate) as a targeting ligand. The effectiveness of
the FR-targeting probes to detect macrophage re-
sponses was tested using a murine subcutaneous
inflammation model.137 Intravenously injected
probes quickly accumulated in the inflamed subcu-
taneous tissue. Interestingly, there was a good re-
lationship between the extent of inflammatory
reactions and nanoprobe-associated fluorescent in-
tensities in tissue. The result supported that the FR-
targeting NIR nanoprobes can be used to monitor
and quantify the extent of macrophage recruitment
within the chronic wound in real time with the aid of
a fluorescence imager.

Subsequent work was carried out to develop im-
aging probes for simultaneously detecting polarized
macrophages, including classically proinflammatory
M1 cells (FR+) and alternatively proregenerative
M2 cells [mannose receptor (MR)+]. For that, twin
probes that can simultaneously determine M1 and
M2 cells were fabricated and then characterized.138

Briefly, FR-targeting probes, which can target M1
cells, were fabricated using polyethylene glycol
(PEG) linear polymer as a carrier with folic acid and
Oyster 800 dye. On the other hand, MR-targeting
probes, which can target M2 cells, were fabricated
using PEG linear polymer as a carrier with mannose
and Oyster 680 dye. In an in vivo murine model,
they were able to distinguish between the infection-
associated M1-dominated inflammatory response
and particle implant-mediated M2-dominated re-
generative response. Further studies are required to

determine whether these twin probes can be used to
distinguish between inflammatory and epithelial-
ization phase, thus determining different stages of
wound healing.

Neutrophils. Neutrophils are the most abun-
dant leukocytes in the blood. Although the specific
effector functions of neutrophils in wound healing
responses have yet to be determined, they are the
first step in host defense to tissue damage. They can
protect the host from infectious threats through
phagocytosis, degranulation, release of ROS, and
neutrophil extracellular traps.139 Excess infiltration
and activation of neutrophils at the wound site may
lead to chronic inflammation and delayed wound
healing process.140 It has also been reported that
the peptide cinnamoyl-Phe-(D)Leu-Phe-(D)Leu-Phe
(cFLFLF) has a high affinity to the formyl peptide
receptor (FPR) of neutrophils. Based on this obser-
vation, an investigation was conducted to fabricate
imaging probes for detecting neutrophils by tar-
geting their FPR using cFLFLF peptide. For that,
eight-arm PEG was covalently linked with NIR dye
and cFLFLF peptide to produce FPR-targeting
nanoprobes. The ability of the nanoprobes to detect
and quantify activated neutrophils was assessed
both in vitro and in vivo.141 A strong linear rela-
tionship was found between the fluorescence in-
tensity of nanoprobes in vivo and the number of
recruited neutrophils at the injured site in a mu-
rine subcutaneous inflammation model. In addi-
tion, the nanoprobes were also able to distinguish
catheters with and without infection. These results
confirmed the FPR-targeting nanoprobes as a
powerful tool to monitor and measure the extent of
neutrophil activity in real time. It is possible that,
with further development, the nanoprobes may be
used to monitor the neutrophil responses during
wound healing process.

Fibrin. Fibrin accumulation, often accompa-
nied with acute inflammatory responses, is an
important part of wound healing process. In an
open wound, platelet aggregation is usually in-
duced by the leakage of blood from injured capil-
laries into the extravascular space. Subsequently,
fibrin is deposited under the presence of throm-
bin released by the activated platelets. However,
in the case of chronic wounds, tissue pressure
change may lead to leakage and then accumula-
tion of fibrin and plasma protein in the perivas-
cular space.142

Since fibrin accumulation occurs in the early
stages of acute inflammatory responses, it was as-
sumed that fibrin imaging may be useful to detect

DIAGNOSTIC IMAGING OF WOUNDS 257



the onset of wound healing processes. To test this
hypothesis, a study used NIR-labeled fibrinogen for
imaging fibrin deposition during wound healing
process.143 Briefly, NIR fluorescent dye-conjugated
fibrinogen was injected into the tail vein of a rat.
Strong fluorescence signals were observed at the
site of the wound for several days, supporting the
conversion of water-soluble fibrinogen to water-
insoluble fibrin at the site of injury. Overall, this
study demonstrated that fluorescence imaging
can be used to monitor fibrin deposition and
identify wound location in vivo. Despite this
early success, NIR-labeled fibrinogen imaging
method cannot be used to detect chronic wounds
in which fibrin has already accumulated mainly
due to leakage from vasculature. To overcome
this limitation, a new fibrin probe was fabricated
by directly conjugating a fibrin affinity peptide
(GPRPPGGSKGC with amide of C terminal) with
Oyster 800 dye.144 The fibrin probe was found to
accumulate at the site of localized inflammatory
responses induced by subcutaneously injected
particle implants. Furthermore, the study has
uncovered that mast cell activation is essential to
fibrin accumulation in wounds, since fibrin accu-
mulation is significantly diminished in mice with
mast cell deficiency. These findings support that
the fibrin-targeting probes may be used to moni-
tor fibrin deposition during the wound healing
process.

Portable fluorescent and luminescent imager
Despite the above-mentioned exciting progress in

the development of various imaging probes, there
are very limited number of medical imaging mo-
dalities that can detect either fluorescent or lumi-
nescent signals for the clinical application. Some
progress has been made in recent years. For exam-
ple, SPY portable handheld imaging system com-
mercially created by Novadaq has been widely used
for cardiac surgery, breast reconstruction, lapa-
roscopic cholecystectomy, and colorectal surgery
for decades.145 Another low-cost digital fluores-
cent microscope built with commercial off-the-
shelf components was developed,146 and tested for
cancer cell detection. Moreover, a portable imager
was developed exclusively for NIR visualization of
cutaneous wounds, and is illustrated through de-
tection of ROS activities in an excisional wound
model.133

Strengths and limitations of different imaging
modalities on routine wound care

For routine wound care in clinic, it is critical that
wound imaging modalities should be low cost and
easy operable. Based on these requirements, CT,

SPECT/CT, and MRI that require long imaging
time and heavy cost are not suitable for routine
wound care. On the other hand, ultrasound imag-
ing and THz spectroscopy are safe and capable of
dermal wound imaging and burn wound assess-
ment. However, since both of these imaging mo-
dalities require specific facilities as well as well-
trained operators, they may provide limited utility
for routine wound care. Optical imaging modalities
are more appropriate for routine wound care based
on these advantages—they are not expensive, re-
quire little imaging time, and have less dependence
on imaging environment. It should be noted that
multispectral imaging modality has become an
emerging approach for routine wound care by
combining multiple imaging modalities and asses-
sing multiple factors for wound assessment at one
time.147 With the development of the scale-down
technology, some handheld optical imaging devices
have been fabricated for evaluating wound condi-
tion in real time.

SUMMARY

While substantial progresses have been made
in the improvement of wound treatment, current
wound assessment tools remain inadequate to
provide real-time and fast evaluation of the
wound healing status. Therefore, there is a need
for the development of a new tool to assess
wound healing status by measuring factors that
can affect wound healing. Although several of
the current nonoptical imaging modalities can be
modified for wound monitoring, these methods
are plagued by high equipment cost and low
specificity. Based on recent developments in op-
tical imaging for wound monitoring, this review
introduces different types of optical imaging
techniques and summarizes recent develop-
ments in the area of different optical imaging
probes, which may greatly impact wound diag-
nosis. To meet the needs of the growing wound
care market, there is tremendous opportunity to
translate optical imaging discoveries for chronic
wound diagnosis and monitoring with speed,
precision, real-time responsiveness, portability,
and smartphone capability. With all these ad-
vancements, it is conceivable that optical wound
imaging plays a pivotal role in routine wound
care in clinics in the very near future.
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TAKE-HOME MESSAGES

� Chronic wound is a significant burden on the health care system.

� Current wound evaluation methods like physical evaluation are not
always accurate and cannot be used to predict progress in healing.

� Wound swabs and biopsies are not specific and it can take a few
days to get useful information from these assessment techniques.

� Medical imaging techniques like CT, SPECT/CT, MRI, and ultra-
sound imaging, which are commonly used for diagnosing cancer,
can also be used in wound imaging.

� These commonly used clinical imaging techniques are often labor
intensive, costly, and subjective.

� Optical imaging techniques have emerged as a potential alterna-
tive.

� Fluorescence, NIR, and luminescence imaging may provide real-
time assessment of the wound environment.

� These imaging techniques have been modified to detect specific
wound biomarkers.

� New imaging tools can detect biomarkers, including various cyto-
kines, DNA, MMPs, nitric oxide, pH, ROS, and tissue oxygenation.

� Most of the imaging modalities employing these markers are bulky.

� There is a need for portable imagers that can apply these new
optical imaging modalities effectively and efficiently.
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Abbreviations and Acronyms

kem ¼ emission wavelength
AF ¼ autofluorescence

BJWAT ¼ Bates-Jensen Wound Assessment
Chart

Con A ¼ Concanavalin A
CT ¼ computed tomography

FDA ¼ Food and Drug Administration
FPR ¼ formyl peptide receptor

FR ¼ folate receptor
HClO ¼ hypochlorous acid

HSI ¼ hyperspectral imaging
ICG ¼ indocyanine green

LDI ¼ laser Doppler imaging
LPS ¼ Lipopolysaccharides

MMP ¼ matrix metalloproteinase
MRI ¼ magnetic resonance imaging
NIR ¼ near infrared
OCT ¼ optical coherence tomography
PEG ¼ polyethylene glycol
ROS ¼ reactive oxygen species
SEM ¼ subepidermal moisture
SFDI ¼ spatial frequency domain imaging

SPECT ¼ single-photon emission computed
tomography

THz ¼ terahertz
VLU ¼ venous leg ulcers
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