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Abstract

Diabetic foot ulcers (DFUs) are the most common of the plethora of complications arising from diabetes. To date, clinicians employ visual
inspection of the wound site during its standard 4- week healing process via monitoring of surface epithelization. Herein, a hand-held near-
infrared optical scanner (NIROS) has been developed for non-contact imaging of DFUs and differentiating between healing and non-healing
ulcers based on differences in blood flow to the wound and its surroundings. Non-contact near-infrared area imaging of DFUs have been
carried to obtain diffuse reflectance images of the wound and its surroundings. These images were used to quantify optical contrasts between
the wound and its surroundings. The variability in imaging conditions, analysis and operator dependency were assessed to determine the
robustness of the imaging approach. All experimental studies were carried out at two podiatric clinics. Seven healing and three non-healing
DFUs were imaged using NIROS. Optical contrast of wound: background was estimated from diffuse reflectance images to differentiate healing
from non-healing DFUs. Optical contrast was distinctly different for healing (positive contrast) and non-healing (negative contrast) wounds,
independent of the varying imaging and data analysis conditions. The application of a portable hand-held imager to assess the healing or non-
healing nature of DFUs during weekly clinical treatment is significant since physiological changes, as observed using NIROS, manifest prior to
visual reduction in wound size during the healing process.
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Introduction

Diabetic Foot Ulcers Wound Healing Assessment

According to the Wound Healing Society (WHS), the accepted
standard of improvement is 4-week, by when a reduction of the
wound size by 40% is expected from the treatment [11-13]. If it
extends beyond 4-weeks, re-evaluation of wound and other treat-
ment options are considered. It has been suggested that up to 85%

Foot ulcerations are the most common of the plethora of com-
plications arising from diabetes. In the United States alone, ~29.1
million people have diabetes, and about 60% of non- traumatic am-
putations of the lower limbs are performed on diabetic adult with
foot ulcers [1]. The treatment of diabetic foot ulcers (DFUs) costs $
9-13 billion annually [2], causing significant economic, clinical, and
emotional burden on these patients [2-10]. About 84% of lower
extremity amputations due to diabetes begin with foot ulceration
[4-6]. The health care cost are driven by interventions to prevent
ulcer, development of DFU care plan to shorten healing-time, man-

of amputations can be avoided when an effective care plan is adopt-
ed, with one of them being effective local wound care [14-16]. To
date, clinicians employ visual inspection of the wound site during
its standard 4-week healing process via monitoring of surface epi-
thelization. More specifically, the wound area is measured directly
using several different ways. These include tracings inked on clear
acetate, calibrated digital photographs, or direct measure of the
maximum length and width of the wound [16]. The criterion most

agement plan to prevent amputation, and management plan for
the disabled after amputation. Clinicians have been struggling to

determine effective methods to predict onset of ulcer or optimize
accepted for healing studies is complete closure or epithelialization

treatment plan to shorten healing time.
after 20 weeks of treatment [17-18]. In some cases a reduction in
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wound area at 10 and 20 weeks is also used. However, visual in-
spection for surface epithelization is not an implication of internal
healing in many cases. If left untreated immediately, the extent of
leg/foot amputation may increase due to lack of response to the
treatment. Researchers in the past expressed that non- invasive
assessment for such vascular diseases requires other tests such as
absolute ankle pressure (unlike ankle-brachial pressure index that
is unreliable) [19], toe pressure measurements, color duplex ultra-
sonography [20] and/or measurements of transcutaneous oxygen
(especially around the wound) [21]. However, these techniques are
not performed during periodic weekly assessment and treatment of
wounds. To date, the clinical gold standard of wound healing moni-
toring on a periodic basis has been visual assessment of the wound,
with no imaging intervention of the wound site and its sub-surface
to monitor the internal wound healing process.

NIRS for Wound Imaging

Near-infrared spectroscopy (NIRS) is an emerging non-invasive
and non-ionizing technology that can map the changes in hemod-
ynamics in the site of interest (e.g. the wounded and healthy tis-
sue site) even up to a few centimeters deep. The technology uses
near-infrared (NIR) light between 650-1000 nm to image deep tis-
sues in order to map the spatial and temporal distribution of the
optical properties (which translate to the oxy- and deoxy-hemoglo-
bin changes) during repeated visits of the treatment process. Re-
searchers have implemented NIRS towards wound healing studies
in animals and pilot human subject studies as well [12,13,22-35].
Papazoglou and her group demonstrated that near-infrared spec-
troscopy (NIRS) can predict wound healing in human diabetic foot
ulcers [12,13,24,25,29-32]. The developed NIR optical device by
Papazoglou’s group demonstrated its efficacy in monitoring blood
flow changes during wound healing process and differentiated a
healing and a non-healing foot ulcer in diabetic patients [24,25,29-
32]. The device is based on NIR spectroscopic information obtained
at six discrete point locations using optical fibers that contact the
wound site and the surrounding normal site during imaging studies
performed over a 20-week period. Their studies stated that optical
absorption in a healing wound initially diverges from absorption in
a healthy tissue, and later converges with the absorption of healthy
tissues as the wound almost heals. The hemoglobin concentrations
successfully distinguished healing from non-healing ulcers, and re-
duction of hemoglobin in the wound site and approaching that of
the normal surrounding tissue is indicative of wound healing. Re-
cently a hand-held non-contact based area imaging near- infrared
optical scanner (NIROS) has been developed in our Optical Imaging
Laboratory. The optical scanner has been recently used to demon-
strate real-time dynamic imaging of the changes in blood flow in the
dorsal of the hand during venous occlusion [26,27]. A pilot study
demonstrated that NIROS could differentiate healing and non-heal-
ing lower extremity ulcer [34,35]. Herein, imaging studies were
performed on 10 diabetic foot ulcers (healing and non-healing)
in order to determine its ability to assess healing or non-healing
consistently, under various imaging and analysis conditions. Pilot
studies were performed on two DFU cases to map hemodynamic
changes in and around the wounds.
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Materials and Methods
Instrumentation

A near-infrared optical scanner (NIROS) was employed to per-
form non-contact imaging over large tissue surfaces (~35cm?). The
clinical set-up of NIROS for wound imaging is shown in Figure 1.
The imaging system uses LED-based source, an NIR sensitive cam-
era (IDS, Germany) mounted on an articulating arm that allows
flexible movement of the device to image any location of the wound
in the lower extremities. A NIR LED ((830-nm) is used in the cur-
rent studies to illuminate near-infrared light onto the tissues. The
LED light source is driven by an LED driver, which controls the ra-
diating power of the LED to a maximum of 50 mW each. The LED
driver and the NIR sensitive camera are synchronized during data
acquisition via a micro controller unit (F28027, Texas Instruments,
USA). The entire device is powered by the computer’s USB port
(5V, maximum 900 mA) without involving any external outlets. NIR
light at launched onto the tissue surface as a continuous-wave in a
non-contact reflectance imaging mode (with optical power < 5mW).
The diffuse reflected NIR signals from the tissue surface is detect-
ed by the camera after the signals have been filtered using a long-
pass optical filter. A Matlab-based imaging software is developed in
order to automate the data acquisition process such that dynamic
NIR images are captured at 10 Hz frame rate by the NIR detector
and saved to the computer. An endoscopic camera (Oasis Scientific,
USA) is used to acquire digital white light (or visible light) images of

the wound apart from NIR images obtained using NIROS.
~ ™

Endoscopic

camera
cascmera

Figure 1: (a) Schematic of the near-infrared optical scanner
(NIROS) attached to an articulating arm and controlled by
a laptop, along with an endoscopic camera for obtaining
digital white light images, (b) Non- contact imaging of

g wounds (here it is DFU) using NIROS. )

Subject Recruitment

Non-contact optical imaging studies were carried on diabetic
subjects with DFUs (healing or non-healing). A total of 3 subjects
with one or more DFUs (total 10 wounds) and between the ages of
41-70 years participated in this Florida International University’s
IRB approved study (Investigational Device Exempt due to low risk
of the device). Written consent forms and HIPAA forms were ob-
tained from all the subjects. The recruitment and studies were car-
ried out at 2 clinical sites across multiple weeks of imaging (based
on how often the subject returned to the clinic). Hence, images
for the current study are only from the first week of the subject’s
visit and the last week of their visit to the clinic. The wounds are
treated as new wounds between the same subject’s first week and
last week visit (from our 8-week study), because the wounds could
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have physiologically change across weeks of treatment. Thus, a to-
tal of 10 DFUs (7 healing and 3 non-healing) were imaged across
the 3 subjects (Table 1). Prior to imaging studies, the podiatrists di-
agnosed the current status of the wound (as healing or non-healing
on the day of the visit). The clinical assessment of wounds was by
visual inspection of the wound for surface epithelization, and meas-
urements of wound size and depth over weeks, and healing asses
from assessed from decrease in wound size over time (~40% in 4
weeks of the treatment).

Table 1: Details of the 10 diabetic foot ulcers across 3 subjects
imaged across weeks using NIROS.

Subject Week | Wound Clinical Diagnosis by Podiatric
Surgeon
1
1 2
Neuropathic, with no arterial
1 3 deficiency. All wound sizes
56 years old Male 1 decreased over the weeks, diag-
c 5 nosing them as healing wounds.
3
Neuropathic, with signs of
2 1 1 arterial deficiency. Wound size
did not change over the weeks,
70 years old Male diagnosing it as non- healing
wound.
5 1
1 Wound 1 was a healing wound
3 and wound 2 was a non-heal-
ing wound, based on surface
41 years old Male 2 epithelization and past history
of the patient.

Data Acquisition and Analysis

Optical imaging was performed on each of the 10 DFUs under
rest conditions. Prior to imaging, the wound region was cleaned
and debrided (as required) by the podiatric surgeon. The imaging
area was chosen such that the wound site and its surrounding re-
gion are within the field of view. Diffuse reflectance images were ac-
quired under rest conditions at 10-Hz frequency for 2 seconds (i.e.
a total of 20 frames) at 830-nm wavelength. Imaging of each wound
was carried out at 2-3 random locations of the optical scanner with
respect to the wound and its background. The multiple imaging
locations were chosen to determine if the positioning of the scan-
ner with respect to the wound impacted the detected NIR images
(which in turn would be used to differentiate a wound as healing or
not). White light images (i.e. images under visible light) were also
acquired for each wound using the endoscopic camera. Image anal-
yses were performed as described in the following sections.

Data Analysis: Optical Contrast

A systematic approach was carried out to determine the dif-
fuse reflectance based optical contrasts across a 2-D region of each
wound as compared to its periphery (denoted as background).
Initially, the detected diffuse reflected NIR signals across the 20
frames were averaged for each wound (termed as ‘mean NIR in-
tensity’). The region of interest (ROI) encompassing the wound and
the surrounding background tissue was selected from the field of
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view of the detected NIR signals. Within this ROI, the region en-
compassing the wound (ROIW) was selected based on the wound
location observed from the white light image. The background was
selected from the immediate peripheries of the wound (ROIB). The
background was selected thrice at different locations around the
wound, either encompassing the entire wound or just a small area
in the periphery of the wound. If the chosen background encom-
passed the entire wound, then the intensity in the ROIW region
was excluded in calculating the total intensity of ROIB. The back-
ground signal may be contaminated by specular reflection and/or
non-uniform source strength. Hence to assess the effect of varying
signal strengths on the wound: background optical contrast (and
eventually in differentiating a wound as healing or not), three dif-
ferent background regions were chosen. The optical contrast was
determined as the mean reflected NIR intensity (averaged across all
frames) in ROIW with respect to that in ROIB (as shown in equation
1). A Weber-based optical contrast was employed for each case of
the background as shown below

[(ROI, )mean-(ROI, )mean]*100

W: B Contrast=
(ROI, )mean (1)

The entire data analysis process was carried out by two opera-
tors (research students) in order to determine if data analysis was
operator dependent or independent (statistically evaluated in the
following section). It contributes to the robustness of NIROS and the
imaging approach by demonstrating that the optical contrasts are
operator-independent. The choice of three different backgrounds
and two operators was carried out on each wound and each of the
location from which it was imaged. The optical contrast ratios were
determined for all the subjects’” wounds and depicted as scatter
plots to compare the differences between healing and non-healing
wounds. Thus a total of 7 healing DFUs and 3 non-healing DFUs
were evaluated to yield three optical contrasts for each imaging lo-
cation and repeated by 2 operators (or) researchers in the above
studies (i.e. a total of 162 combination of processed images).

Results and Discussion
Optical Contrast Studies

The white light and detected NIR images are shown along with
the reflected W:B optical contrast values in Figure 2 for one case of
a healing and non-healing DFU. The healing DFU showed a positive
W:B optical contrast and a non-healing DFU showed a W:B negative
optical contrast. A scatter plot of all the optical contrasts obtained
from 7 healing and 3 non-healing wounds under various imaging
conditions (see section 2.C.1) are given in Figure 3. A distinct dif-
ference in the optical contrasts was observed between healing and
non-healing wounds. While all healing wounds (except a few cases)
had a positive diffuse optical contrast, the non- healing wounds had
a negative diffuse optical contrast. Average optical contrast meas-
urement (n=48 images) for non-healing wounds was -34.27 (SD:
24.08). For healing wounds, the average optical contrast measure-
ment (n=114 images) were 24.43 (SD: 22.81). The difference be-
tween the optical contrast for non-healing and healing wounds was
estimated to be -58.70 (95% CI: - 66.58,-50.81). This implies that
there is a greater absorption of NIR light in a non-healing wound
compared to a healing wound. The extent of absorption or reflec-
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tion of NIR light is directly proportional to the concentration of
the major tissue components (e.g. HbO, HbR, water) [36]. A nor-
mal wound (or ulcer) progresses through various stages of healing
including hemostasis, inflammatory, proliferation, and remodeling
[37-39]. A non-healing VLU remains at the inflammatory phase,
during which there is cessation of epidermal growth and migration
over the wound surface (that elevate the HbR concentrations at the
wound site). On the contrary, a healing wound progress to other
phases, where there is lesser HbR due to cell growth [12,13,25]. NIR
absorption of light at 830- nm increases (or its diffuse reflectance
decreases) with increased HbR concentrations, as this wavelength
is sensitive to the changes in concentration of HbR [22]. Thus, a
decreased diffuse reflectance from the wound in comparison to its
background causes a negative (diffuse reflectance based) optical

contrast in non-healing wounds.
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Figure 2: White light and NIR (diffuse reflectance) images
of a healing and non-healing DFU showing region of
interest (ROI) of the wound (W) and background (B)
selected in order to estimate the NIR optical contrast.
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Figure 3: Scatter plot of NIR optical contrast obtained from
7 healing and 3 non-healing DFUs, imaged at multiple
locations per wound, chose ROIB three different ways,

and analyzed by two independent operators.
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In the current studies, all the non-healing DFUs were from

subjects that the podiatrist has been treating or assessing for
many months to a year. Hence, the clinical baseline was confirmed
prior to correlating the W:B optical contrasts with the healing or
non-healing status of the wounds. Future studies will involve blind-
ed imaging studies of wounds without a prior knowledge of their
status from the clinician, and comparing the effectiveness of NIROS
in differentiating them as healing or non-healing. Sensitivity and
specificity analysis of NIROS can positively impact objective wound
assessment based on the underlying physiology of the wound and
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not just its surface visual assessment (which is the current clini-
cal practice). In addition, the effect of skin color in and around the
wound will be recorded and assessed to determine its impact on
the optical contrast between the wound and background.

Conclusion

In summary, an ultra-portable handheld near-infrared optical
scanner (NIROS) has been implemented to perform non-contact
imaging of diabetic foot ulcers (DFUs). Preliminary studies demon-
strated that NIROS was capable of differentiating healing from
non-healing wounds based on differences in the optical contrast
between the wound and its peripheries. In the current study, the
robustness of NIROS to variations in its location during imaging, to
the choice of background regions during image analysis and oper-
ator dependency have been demonstrated from clinical studies on
DFUs. Currently, the device is modified such that it can acquire oxy-
(HbO) and deoxy-hemoglobin (HbR) concentration changes of the
wound with respect to its peripheries, and also monitor healing of
the wound periodically over a few weeks. In future, imaging studies
will be carried using NIROS to assess the changes in hemodynamics
of the entire wound area across weeks. In addition, with the advan-
tage of non-contact wide-field imaging capabilities of NIROS, the
entire area of the wound can be imaged. This allows segmentation
of regions with varied blood oxygenation in and around the visual
wound, to potentially detect the effectiveness of the treatment to
promote oxygenation to the wound that is crucial for healing.
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