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Objective: Venous leg ulcers (VLUs) comprise 80% of leg ulcers. One of the key
parameters that can promote healing of VLUs is tissue oxygenation. To date,
clinicians have employed visual inspection of the wound site to determine the
healing progression of a wound. Clinicians measure the wound size and check
for epithelialization. Imaging for tissue oxygenation changes surrounding the
wounds can objectively complement the subjective visual inspection approach.
Herein, a handheld noncontact near-infrared optical scanner (NIROS) was
developed to measure tissue oxygenation of VLUs during weeks of treatment.
Approach: Continuous-wave-based diffuse reflectance measurements were
processed using Modified Beer-Lambert’s law to obtain changes in tissue ox-
ygenation (in terms of oxy-, deoxy-, total hemoglobin, and oxygen saturation).
The tissue oxygenation contrast obtained between the wound and surrounding
tissue was longitudinally mapped across weeks of treatment of four VLUs
(healing and nonhealing cases).
Results: It was observed that wound to background tissue oxygenation con-
trasts in healing wounds diminished and/or stabilized, whereas in the non-
healing wounds it did not. In addition, in a very slow-healing wound, wound to
background tissue oxygenation contrasts fluctuated and did not converge.
Innovation: Near-infrared imaging of wounds to assess healing or nonhealing
of VLUs from tissue oxygenation changes using a noncontact, handheld, and
low-cost imager has been demonstrated for the first time.
Conclusion: The tissue oxygenation changes in wound with respect to the
surrounding tissue can provide an objective subclinical physiological assess-
ment of VLUs during their treatment, along with the gold-standard visual
clinical assessment.

Keywords: venous leg ulcers, wound healing, near-infrared imaging, optical
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INTRODUCTION
Venous leg ulcers (VLUs) com-

prise 80% of leg ulcers1 and affect
2.2 million Americans annually.2

VLU incidence is increasing with

age at an annual rate of 2.2% among
Medicare-aged and 0.5% of younger
privately insured Americans.3 Ty-
pical risk factors tend to include older
age, obesity, previous leg injuries,
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deep venous thrombosis, and phlebitis.4 VLUs
can last from weeks to years and tend to recur.5

They are mainly diagnosed clinically through
comprehensive history and physical examina-
tion, with confirmatory venous studies (reflux
studies).

Chronic venous insufficiency caused by sus-
tained ambulatory venous pressures (aka venous
hypertension) is common in the obesity, those with
sedentary lifestyle, and leads to a diseased venous
system and eventually to venous ulceration.6 Clin-
ical evaluation and initial management of VLUs are
summarized in Fig. 1. Noninvasive diagnostic tests
such as duplex ultrasound (DUS) are used as a gold
standard to evaluate reflux in venous ulcers. These
tests can evaluate venous anatomy, and aid or con-
firm the presence of venous insufficiency and reflux,7

such that the gold-standard compression therapy
can begin upon the onset of venous ulceration.

Compression therapies are typically performed
during weeks 0–4 of VLU treatment. Currently,
physicians assess healing status of chronic wounds
by simple visual inspection (wound coloration, tex-
ture, and epithelialization) and wound size mea-
surements.8,9 Effectiveness of compression therapy
in the healing of the wound is likewise monitored
through visual assessment and wound size mea-

surements at times of weekly wound dressings.
Typically if a wound is not 30% smaller by week 4, it
is unlikely to heal by week 12, and such patients are
then reassessed or referred for further diagnosis
and appropriate management (through advanced
therapies along with continued compression).10

About 50–67% of VLU patients exhibiting decreased
wound size during the first month of compression
therapy will be healed after 6 months treatment,11

but many VLUs remain refractory to compression
treatment as measured by wound size/area.

Studies have been performed in the past using
different imaging devices with the aim to comple-
ment the visual inspection done by clinicians with
physiological assessments of VLUs and their sur-
roundings. The different imaging modalities used in
recent studies have included confocal laser scanning
microscopy (or confocal microscopy), optical coher-
ence tomography, hyperspectral imaging (HSI), or-
thogonal polarization spectral imaging, thermal
imaging, multispectral imaging (MSI), remittance
spectroscopy, laser Doppler, and near-infrared
(NIR) imaging12–25 (Table 1). Different modalities
assess different parameters in VLUs, such as bac-
terial infection, fibrin deposits, tissue oxygenation
or oxygen saturation (StO2), capillary morphology,
perfusion, or skin temperatures to differentiate

Figure 1. Flow chart showing standard clinical evaluation of VLUs and its initial management. VLUs, venous leg ulcers.
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healing and nonhealing regions, or determine fac-
tors that impact healing.

Of the many important parameters that play a
key role in wound assessment during treatment,
increased tissue oxygenation is one of the key pa-
rameters that can promote healing. HSI, MSI, and
NIR optical imaging are the three imaging modal-
ities that can measure tissue oxygenation changes
in the wounds. While HSI involved visible and in-
frared wavelengths (400–1,100 nm) MSI employed
visible and NIR wavelengths (460–886 nm) during
imaging of VLUs. Cutaneous oxygenation maps
of identified necrotic regions, as well as reducing
oxygen saturation, were observed with weeks of
healing.18 Although HSI and MSI employ NIR
wavelengths in their spectrum, the oxygenation
measurements across all wavelengths are com-
bined to provide skin oxygenation (as visible light
is absorbed predominantly in the cutaneous skin
layer). On the contrary, NIR optical imaging uses
only the NIR spectrum of HSI and MSI, with spe-
cific wavelengths chosen to obtain subcutaneous
oxygenation maps of wounds.

NIR light (between 650 and 900 nm) is nonion-
izing and minimally absorbed by tissues, allowing
its deeper penetration, and preferentially scattered
by major tissue components (oxygenated hemoglo-

bin [HbO], deoxygenated hemoglobin [HbR], and
water), which will enable mapping of physiological
changes in wound healing through measurement of
HbO and HbR. In this study, NIR optical imaging
was performed to image for physiological changes
in terms of tissue oxygenation across weeks of VLU
treatment. To date, large MSI and HSI devices
have been used for wound imaging, using a broad
spectrum of wavelengths. In this work, we are able
to observe changes in oxygenation from few specific
(narrow band) wavelengths and in the NIR regions
(to allow subsurface imaging, unlike MSI or HSI
that predominantly employs visible light wave-
lengths). Use of only specific narrow band of
wavelengths in the NIR region allows the device to
be developed as a low-cost, handheld imaging tool
that can be readily accessible to assess wound
healing in dressing rooms, making it a more prac-
tical instrument for clinical applications.

In our past work at Optical Imaging Laboratory,
noncontact NIR optical imaging studies were per-
formed using a low-cost, handheld, near-infrared
optical scanner (NIROS).25 Initial studies were
performed using a single-wavelength NIR light
source, and diffuse reflectance optical contrasts
were determined between wound and periwound to
differentiate healing versus nonhealing VLUs.

Table 1. Summary of optical-based imaging modalities employed to assess venous leg ulcers

Imaging Modality Measured Parameter(s) Major Finding(s)

CLSM Distance of bacterial aggregates to
VLU surface

Distribution of the bacteria in the chronic wounds was nonrandom.12

Confocal microscopy Distribution of fibrin deposits Distribution of fibrin deposition was highly variable and patchy.
Marginal or patchy fibrin deposition might have a greater effect on the exchange of oxygen and

other nutrients between blood and dermis.13

Optical coherence tomography In vivo blood vessels of superficial
skin layers; pattern of perfusion

In chronic venous insufficiency, different stages of vascularization are visible. For instance, in the
middle of the wound itself, granulation islands with larger aggregations of vessels in the form
of dots, blobs, and coils are apparent.14

Hyperspectral imaging Tissue oxygenation as oxy- and
deoxyhemoglobin, and/or oxygen
saturation maps (415–990 nm)

Possible to identify necrotic regions using oxygenation, and increased oxygenation at wound bed.15

Two statistical approaches (spectral angle mapping and k-means clustering) were used to compare
wound segmentation with dermatologist assessment. K-means was more stable and reliable
method to classify wound regions.16

Orthogonal polarization
spectral imaging

Capillary morphology, density, and
diameter

Capillary morphology and capillary diameter were substantially different between the venous ulcer
patients and normal subjects.17

Multispectral imaging Skin oxygenation as oxygen
saturation

Reduction of oxygen saturation after wound healing from weeks 1 to 14.18

Laser Doppler imaging LDF (or perfusion) Elevated basal LDF and preserved maximal LDF during reactive hyperemia were found in
perimallerolar skin of patients with healing VLU.19

Changes in LDF during leg elevation and arterial occlusion were significantly reduced in patients
with VLUs.20

Granulated tissue inside VLU had high laser Doppler area flux than nongranulated tissue and
adjacent/distance skin from VLU.21

LDA (similar to LDF) showed no significant differences between VLU patients and control group.22

Remittance spectroscopy Hemoglobin and water absorption A high absorption and low remittance pointed to a large amount of granulation tissue and
oxyhemoglobin doublet peak represents open wound area.23

Thermal imaging Skin temperatures Higher temperature is observed at the onset of VLU.24

Near-infrared optical imaging Diffuse reflectance optical contrast Healing and nonhealing VLUs showed a distinct difference in diffuse reflectance optical
contrasts.25

CLSM, confocal laser scanning microscopy; LDA, laser Doppler anemometer; LDF, laser Doppler flux; VLU, venous leg ulcer.
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Imaging studies were performed by varying dis-
tances and angles of the device with respect to the
wound causing a change in the illumination source
intensity on the wounds. In spite of the varied im-
aging conditions, a distinct difference in optical
contrasts between healing (positive contrasts)
versus nonhealing (negative contrasts) VLUs was
consistently observed.25 Herein, tissue oxygena-
tion measurements (as oxy-, deoxy-, total hemo-
globin [HbT], and oxygen saturation) are obtained
using a modified dual-wavelength NIROS to de-
termine if these oxygenation parameters in VLUs
and their surroundings can assess healing from
longitudinal imaging studies.

CLINICAL PROBLEM ADDRESSED

VLUs are primarily diagnosed clinically through
comprehensive history and physical examination,
with confirmatory venous studies (reflux studies).
However, oxygen is vital for the healing of wounds.
There is a need for a physiological approach to as-
sess oxygenation to the wounds during treatment.
Herein, an NIR optical imaging approach was de-
veloped to obtain changes in oxy-, deoxy-, total
hemoglobin, and oxygen saturation measurements
in and around the VLUs. These subclinical physi-
ological assessments can potentially complement
the gold-standard clinical assessment, since phys-
iological changes in tissue oxygenation manifest
before visual changes in VLU’s size and extent of
epithelialization.

MATERIALS AND METHODS
Instrumentation

A continuous-wave (CW), noncontact, handheld-
based NIROS was developed for tissue oxygenation
imaging of VLUs in the clinic. The handheld
NIROS utilizes a multiwavelength light-emitting

diode (LED) light source ([660–735–805–940] – 20–
45 nm bandwidth), which is operated at dual
wavelength (725, 797 nm) for this study (Fig. 2).
The optical power of the LED on the illumination
surface is <5 mW. An Arduino-based LED driver
controls the LED light source to multiplex between
the two wavelengths at a frequency of 10 Hz, and
illuminates the wound and its surroundings. The
LED driver was also used to optimize the source to
maximize the optical power, leading to 725 and
797 nm as the two specific wavelengths (chosen for
the dual wavelength imaging between 700 and
830 nm). The area of illumination encompassing
both these wavelengths was determined from the
region of overlap across the two illuminated wave-
lengths. Since a single LED was used, this area of
illumination was limited to <4 cm2, limiting the
ability to image the entire region of large wounds.

Diffuse reflectance signals from the tissue sur-
face are detected using an NIR-sensitive comple-
mentary metal-oxide semiconductor (CMOS)
camera (IDS), after these signals pass a long pass
filter (LP645; MidOpt) and a focusing lens. A
custom-developed Matlab graphical user interface
(GUI) synchronizes the source and detector to ac-
quire images at a frame rate of 10 Hz. NIROS was
stabilized using an articulating arm during imag-
ing studies. A separate endoscopic camera was
used to acquire digital white light images of the
VLU and its surroundings. The developed GUI
acquired the detected signals from both wave-
lengths, and employed modified Beer-Lambert’s
law (MBLL) to determine changes in oxy- (DHbO)
and deoxyhemoglobin (DHbR) across the entire
wound.

Subject recruitment
Longitudinal imaging studies across weeks of

treatment were carried out on three patients with
one or more VLUs (between 55 and 88 years of age).

Figure 2. (a) Schematic of the portable, handheld NIROS for noncontact area imaging of VLUs. A separate endoscope camera used sequentially to obtain
white light images of the wounds. (b) Clinical setup of NIROS during VLU imaging studies. NIROS, near-infrared optical scanner. Color images are available
online.
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Subjects were recruited at Podiatry Care Partners,
Inc. and the University of Miami Wound Care
Center through FIU and UM Institutional Review
Board (IRB) approvals. A written consent was ob-
tained from all participating subjects, and their
medical records accessed through Health In-
surance Portability and Accountability Act (HI-
PAA) authorization. Clinical evaluation status of
the recruited VLU cases is provided in Table 2.

Healing was assessed based on visual inspection
of the wound, wound size reduction during the
treatment process (even if it were slow), and ap-
pearance of granulation (or epithelialization) and
skin coloration during healing. Week 1 in Table 2
depicts the first week that the subject was re-
cruited and imaged. The onset of VLU was calcu-
lated backward from the recruited week. All the
subjects had no arterial deficiency, as assessed
from their pedal pulses (pulse obtained near the
ankle), skin temperature, and capillary refill time
by the clinician. VLU cases 2 and 3 (from the same
patient) were nonhealing when the imaging stud-
ies began, and soon were assessed as healing dur-

ing weeks of treatment. VLU cases 1 and 4 were
already assessed as healing when the subjects were
recruited. In case 4, the VLU was diagnosed as
healed by week 18 after the imaging study began;
hence, the wound measurements were not acquired
therefrom. However, the subject was still seen at
the clinic since there was an epithelial arrest of the
wound. The VLU epithelialized but the epidermis
was not maturing.

Data acquisition
Each of the 4 VLUs was imaged during the re-

spective weeks as provided in Table 2. Although
the subjects were clinically treated at the wound
center each week, they were not compliant or
available to participate in the imaging study each
week. Imaging was performed at least three times
during each visit with variations in angle/location
of the device with respect to the wound, to pick the
best data set with minimal glare effects (or specu-
lar reflection). Subjects were imaged on a standard
reclining chair, with the device’s location adjusted
to accommodate the field of view of the VLU with-

Table 2. Wound size and healing status of venous leg ulcer cases imaged using a near-infrared optical scanner across weeks
of treatment

VLU Case No. Wound Onset Week Imaged

Wound Measurements

H/NHL · W (cm) Area (cm2) Depth (cm)

1 One-month history (78M) 1 4.4 · 4.0 17.6 0.2 H
3 3.5 · 3.4 11.9 0.1 H
5 2.0 · 2.5 5 0.1 H

14 0.5 · 0.4 0.2 0.1 H
2 Ten-month history (55M) 1 4.7 · 2.1 9.87 0.3 NH

3 4.0 · 1.6 6.4 0.3 NH
12 2.6 · 2.7 7.02 0.2 H
13 2.1 · 0.8 1.68 0.2 H
24 1.4 · 1.1 1.54 0.3 H
38 1.3 · 1.0 1.3 0.3 H
39 1.3 · 1.0 1.3 0.3 H

3 Ten-month history (55M) 1 1.3 · 0.4 0.52 0.2 NH
9 1.5 · 0.9 1.35 0.2 NH

10 1.2 · 0.3 0.36 0.2 H
21 0.7 · 0.2 0.14 0.2 H
35 0.6 · 0.1 0.06 0.2 H
36 0.5 · 0.1 0.05 0.1 H

4 Eight-month history (88F) 1 3.1 · 1.4 4.34 0.1 H
3 — Healed week 18 onward; epithelial arrest

(epithelialized but epidermis not maturing)18 —
20 —
22 —
27 —
29 —
30 —
31 —
36 —
37 —
38 —

H, healing; NH, nonhealing.
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out any additional movement by the subject. The
wound was cleaned and debrided by the treating
physician before imaging. Reference markers of
known size were placed around the VLUs during
imaging, to orient the wound obtained from NIR
imaging to the white light (or digital color) image
of the ulcers (and ongoing coregistration studies,
unpublished).

During each imaging study, the dual-wavelength
LED illuminated the tissue region encompassing
the VLU and its surroundings (i.e., wound and
background), and diffuse-reflected signal was ac-
quired at each wavelength [I(x,y,li)]. These diffuse
reflectance images were calibrated using a uni-
formly diffusing calibrating sheet before imaging
each VLU, to account for the source illumination
distribution during imaging. Digital white light
images of the VLU and its surroundings were ac-
quired using the endoscope camera during each
imaging visit. In some cases, the VLUs were larger
than the area of illumination by the LED source.
Hence, the field of view of NIROS was adjusted,
such that it can view as much of the VLU and the
immediate surrounding normal tissue, to obtain
the contrast in tissue oxygenation during longitu-
dinal comparison study (Image analysis section).

Image analysis
MBLL was used to calculate the changes in oxy-

(DHbO) and deoxyhemoglobin (DHbR) from the
diffuse reflectance images of the tissue. This law is
an empirical description of optical attenuation in a
highly scattering medium.26,27 The change in op-
tical density (OD; or apparent absorption) of the
tissue DOD(x,y,li) at the spatial coordinate (x,y)
and at each wavelength li is thus calculated using
diffuse reflectance intensity from the tissue and
accounting for the dark noise [ID(x,y)] and the cal-
ibration factor [Ical(x,y, li)], which is given by
Equation (1).

OD x, y, kið Þ¼� log
Iki x, yð Þ�ID x, yð Þ

Icalki x, yð Þ�ID x, yð Þ : (1)

By measuring DOD at two wavelengths (l1 and
l2) and using extinction coefficients of oxyhemo-
globin, eHbO(li), and deoxyhemoglobin, eHbR(li), at
the respective wavelengths, concentration changes
of oxy- (DHbO) and deoxyhemoglobin (DHbR) can
be determined.26,27

DHbO x, yð Þ¼
ek1

HbR DODk2 � ek2

HbR DODk1

n o

ek1

HbRek2

HbO� ek2

HbRek1

HbO

� �
LB

n o (2)

DHbR x, yð Þ¼
ek2

HbO DODk1 � ek1

HbO DODk2

n o

ek1

HbRek2

HbO� ek2

HbRek1

HbO

� �
LB

n o , (3)

where L is the mean free path, and B is the path-
length factor. In the current studies, the differ-
ences in oxy- and deoxyhemoglobin concentrations
of the wound to periwound site are compared each
week. Hence, effective values of changes in oxy-
and deoxyhemoglobin [estimated as DHbO(x,y)eff =
DHbO(x,y)LB and DHbR(x,y)eff =DHbR(x,y)LB] are
used for further analysis, where the unknown fac-
tors L and B are grouped. The effective changes in
total hemoglobin and oxygen saturation are esti-
mated from the normalized DHbO(x,y)eff and
DHbR(x,y)eff as follows:

DHbT x, yð Þeff ¼DHbO x, yð Þeff þDHbR(x, y)eff (4)

StO2 x, yð Þeff ¼DHbO x, yð Þeff =DHbT x, yð Þeff : (5)

The estimated tissue oxygenation parameters
were in turn plotted as two-dimensional (2D)
spatial maps (normalized and scaled appropri-
ately) for each VLU and visit, across weeks of
treatment. All these parameters described here
on are only the effective changes. For simplicity,
all effective tissue oxygenation parameters will
be labeled without the suffix (eff) for the rest of
the article.

Differences in tissue oxygenation between
wound and immediate normal tissue around it
(i.e., background) are evaluated in terms of op-
tical contrasts. These optical contrasts between
wound and background (W:B) were determined
by selecting a 10 · 10 pixel area within the
wound and the immediate surrounding regions
(randomly at three locations around the wound
and within the region encompassed by the
markers).25 The extent of change in tissue oxy-
genation of the VLU in comparison with the
immediately surrounding normal tissue was
obtained by estimating the optical contrast in
terms of effective hemoglobin concentrations. A
Weber-based wound to background (W:B) optical
contrast was used on the average intensity of
each tissue oxygenation (TO) parameter at the
selected region of interest (ROI of 10 · 10 pixels)
within the visible wound and surrounding tissue
as given below:

[W : B]TO¼
WTO�BTO

BTO
x 100%: (6)
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The W:B optical contrast was calculated thrice
for each imaged VLU (per visit), by using three
randomly chosen ROIs of background tissue in
comparison with the ROI of the wound. Three dif-
ferent backgrounds were chosen to determine
variability in the contrast data, which may arise
from the operator’s choice of background ROI (that
can vary in intensity from nonuniform source il-
lumination and/or specular reflection).

RESULTS

2D tissue oxygenation maps (in terms of DHbO,
DHbR, DHbT, and StO2 maps) along with white
light images are shown for one healing (case 1) and
one nonhealing VLU (case 2) on the first week and
last week of their recruitment in Figs. 3 and 4, re-
spectively. Three markers are placed around the
wound to help locate the wound in the NIR images.
The jet colored regions in the maps is where oxy-

Figure 3. White light images (top row), normalized DHbO maps (second row), normalized DHbR maps (third row), normalized DHbT maps (fourth row), and
normalized StO2 maps (fifth row) for healing VLU (case 1) at the first and last week of imaging. HbO, oxygenated hemoglobin; HbR, deoxygenated hemoglobin;
HbT, total hemoglobin; StO2, oxygen saturation. Color images are available online.
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genation parameters were determined, and these
were overlaid onto the detector’s field of view.

In the case of the healing VLU (case 1), the
normalized maps of DHbO(x,y) depicted an in-
creased concentration to the wound site compared
with most of the immediate surroundings of the
wound (i.e., termed ‘‘background’’). This difference
in DHbO concentration almost disappears as the
wound heals by the last week. Similar contrasts
between the wound and background were observed

in other tissue oxygenation parameters during first
week, but this contrast was negligible by the last
week of recruitment into the study.

In the case of the nonhealing VLU (case 2), it was
a large VLU, and hence the entire wound was not
under the field of view of imaging. Since the focus
of our study was on assessing differences in oxy-
genation between wound and background across
weeks, the field of view was adjusted to include a
portion of the wound and its immediate surround-

Figure 4. White light images (top row), normalized DHbO maps (second row), normalized DHbR maps (third row), normalized DHbT maps (fourth row), and
normalized StO2 maps (fifth row) for nonhealing VLU (case 2) at the first and last week of imaging. Color images are available online.
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ings. In Fig. 4, the normalized maps of DHbO(x,y)
depict an increased concentration to the wound site
compared with the background. Even by the end of
the last week of recruitment, there was a difference
in DHbO concentration between wound and back-
ground region. Similar differences in wound to
background contrasts remained (either increased or
decreased) for other tissue oxygenation parameters
even after weeks of treatment and the last week of

our recruitment study. This VLU (case 2) was still
open and not healed even after a year from the last
week of our recruitment for the imaging study. The
qualitative, 2Dtissue oxygenationpseudocolor maps
did not display an obvious visual contrast in some
cases (e.g., Fig. 4). Hence, qualitative maps were
quantified as optical contrast maps, and the changes
in tissue-oxygenation-based W:B contrasts were es-
timated across weeks of imaging and treatment.

Figure 5. Average wound to background (W:B) contrast in terms of various tissue oxygenation parameters across weeks of treatment for VLU cases 1 and 2.
The gray dashed line at a given week No. is when the VLU was diagnosed as healing by the clinician. Color images are available online.
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Quantitative assessment of W:B contrasts across
each recruited week of the treatment for all the
four VLU cases is shown in Fig. 5 (for cases 1 and 2)
and Fig. 6 (for cases 3 and 4) for each of the nor-
malized tissue oxygenation parameters. The aver-
age and the standard deviation across the three
estimations of W:B (based on three randomly lo-
cated backgrounds as described in Materials and
Methods section) were determined. In both Figs. 5
and 6, the gray dashed line at a given week No. is
when the VLU was diagnosed as healing by the

clinician. In case 4 (Fig. 6), the gray dotted line at
week 18 represents a healed VLU, as clinically di-
agnosed.

In case 1, the W:B optical contrast stabilized and
almost approached zero in each tissue oxygenation
parameter, across weeks of treatment of the heal-
ing VLU. In case 2, although the clinician assessed
the wound as healing (but slow), DHbO(x,y) W:B
contrast was unstable, increased, and did not con-
verge to zero. A similar increase in DHbT(x,y) W:B
contrast was observed, although no major differ-

Figure 6. Average wound to background (W:B) contrast in terms of various tissue oxygenation parameters across weeks of treatment for VLU cases 3 and 4.
The gray dashed line at a given week No. is when the VLU was diagnosed as healing by the clinician. The dotted gray line at week 18 in case 4 is when the VLU
was diagnosed as healed by the clinician. Color images are available online.
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ence in StO2 was observed. The DHbR(x,y) in-
creased and remained. None of the tissue oxygen-
ation parameters converged to zero even at week 39
of our study. Although the wound was assessed as
healing around week 12, the wound was not closed
(see Fig. 4 for the white light image at week 39). In
fact, the wound remained open even after a year
from the last recruitment (i.e., week 39), stating
that the wound was actually nonhealing. This
correlates with our tissue oxygenation contrast,
which did not stabilize and converge closer to zero.
This infers that the oxygenation to the wound site
(in case 2) was still higher than the surrounding
tissue, and that the wound has not reached nor-
malcy from a physiological standpoint. The con-
trast was more distinct in oxy-, deoxy-, and total
hemoglobin-based W:B contrasts, unlike oxygen
saturation contrast.

In case 3, the W:B optical contrast stabilized and
almost approached zero in each tissue oxygenation
parameter (except a slight increase in DHbR, al-
though it was much lesser than the initial con-
trast), across weeks of treatment of this healing
VLU (similar to case 1). However, there was no
distinct change in contrast in oxygen saturation-
based W:B contrast in case 3. The 2D tissue oxy-
genation maps for this healing case 3 are included
in the Appendix Fig. A1.

In case 4, the W:B contrast was close to zero in all
tissue oxygenation parameters and across weeks
(until week 18). Upon continuing to image this
VLU for the next 18 weeks, the W:B optical con-
trasts were observed to fluctuate and away from a
zero contrast. The wound was diagnosed as healed
on week 18 of our study, and wound measurements
were not acquired therefrom. However, the subject
was seen in the clinic, since there was an epithelial

arrest of the wound. The VLU epithelialized but
the epidermis was not maturing, which was shown
as increased redness in the wound region. Physio-
logically, this can be from increased subcutaneous
DHbR concentrations at the VLU site compared
with the background tissue (i.e., increased DHbR
W:B optical contrast), correlating with the lack of
complete healing and closure of the wound. This
can be seen from white light images of the VLU in
case 4 shown in Fig. 7 (for weeks 1, 18, and 36). The
2D tissue oxygenation maps for case 4 are included
in the Appendix Fig. A2.

DISCUSSION

From the longitudinal imaging studies on four
VLU cases, it was observed that the tissue oxy-
genation W:B optical contrast stabilized and ap-
proached close to zero in terms of DHbO(x,y),
DHbR(x,y), and DHbT(x,y) parameters, for healing
wounds. The StO2(x,y) did not appear to be a
good indicator to assess healing. For a wound
that appeared healing (although at a very slow
rate) but did not actually close even after a year
(i.e., remained nonhealing), the W:B optical con-
trast fluctuated and did not approach close to zero
in terms of any tissue oxygenation parameters.

In the past work from a different research group,
diffuse NIR spectroscopy was applied to assess the
healing of another major lower extremity ulcer
(diabetic foot ulcers, DFUs).28 It was observed that
as the wounds healed, the HbO and HbT concen-
trations at the wound locations converged to the
control location measurements.28 However, in the
case of nonhealing wounds, large fluctuations in
HbO and HbT concentrations at the wound location
(w.r.t. control location) were observed across weeks
of treatment. The current studies are in agreement
with the past work in terms of observing similar
trends in oxygenation contrast between wound and
background (or control region) for both healing and
nonhealing wounds. Although the type of lower
extremity ulcer differs between the studies (VLUs
vs. DFUs), the requirement of oxygen to cause
healing, and that oxygen being higher at the wound
site than the surrounding normal tissue during
healing phase is physiologically similar across the
two ulcer types.

The research studies on DFUs obtained absolute
values of concentrations of HbO and HbR as point
measurements at discrete point locations through
contact imaging using a frequency-domain-based
optical spectroscopy system.28 On the contrary, the
current imaging studies obtained effective con-
centrations of HbO and HbR of the wound and

Figure 7. White light images of VLU case 4, where the wound (shown by
the black arrow) was diagnosed as healed during week 18 of our imaging
study, but the subject seen at the clinic due to an epithelial arrest, which
still shows an open wound even at week 36. The black squares in the
images are markers. Color images are available online.
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surrounding areas (and not discrete
point locations) through CW-based non-
contact imaging. However, both the
studies compare the changes in HbO at
the wound to the background (or control)
tissue and determine if they converge.
Hence, obtaining W:B optical contrast
from effective hemoglobin concentra-
tions (as in our study) using a simpler
CW instrumentation yields similar out-
come as that from absolute hemoglobin
concentrations (obtained from past work)
using frequency-domain based optical
instrumentation.

This work demonstrates the potential of using a
noncontact, low-cost, handheld NIR scanner for
bedside real-time assessment of wound healing sta-
tus through tissue oxygenation measurements.
These pilot feasibility studies differentiate the trend
line of tissue oxygenation changes with weeks of
treatment, with the nonconvergence trend line as a
major indicator of nonhealing of the wound. There is
however a need to perform extensive and systematic
studies on a large sample of VLU cases to demon-
strate that the observed tissue oxygenation trends
consistently differentiate a potential healing from a
nonhealing VLU.

In addition, there is a need to develop a quan-
titative threshold contrast value that differenti-
ates a potential healing wound from a nonhealing
wound. The statistically significant tissue oxygen-
ation parameter (among DHbO, DHbR, and DHbT)
that can serve as an indicator (or biomarker) for
assessing wound healing has to be determined
from extensive clinical studies. Also, the effect of
melanin concentrations on oxygenation measure-
ments obtained from the unaffected skin compared
to open VLUs will also be assessed. NIROS employs
a single LED, limiting its area of illumination that
does not encompass the entire VLU (and poten-
tially leading to artifacts). Hence, the device is also
modified with multiple LEDs to allow increased
area of illumination for future studies.

INNOVATION

NIR imaging of wounds to assess healing or
nonhealing of VLUs from tissue oxygenation
changes using a noncontact, handheld, and low-
cost imager has been demonstrated for the first
time. The use of two discrete NIR wavelengths to
obtain tissue oxygenation maps makes NIROS
compact and handheld for practical clinical ap-
plication. The portable handheld nature of
NIROS has a potential for clinical use during

weekly treatment of VLUs and other lower ex-
tremity ulcers during an outpatient visit, to
measure tissue oxygenation changes for subclin-
ical assessments.

CONCLUSION

A handheld noncontact-based NIROS was de-
veloped to perform CW-based diffuse reflectance
imaging and measure for changes in oxy-, deoxy-,
total hemoglobin, and oxygen saturation in the
wound with respect to the background normal
tissue. From longitudinal imaging studies across
weeks of treatment of VLUs, it was observed that
W:B tissue oxygenation contrast of healing
wounds converged to almost zero (and stabilized).
On the contrary, in a very slow-healing wound,
W:B tissue oxygenation contrasts fluctuated and
did not converge. Thus, the W:B optical contrast in
terms of HbO, HbR, and HbT can serve as a po-
tential biomarker to assess healing of VLUs, along
with current clinical practices of measuring the
reduction in wound size, and assessing for epi-
thelialization across weeks of treatment.

Ongoing efforts are focused on performing image
segmentation (and coregistration) of tissue oxy-
genation maps onto white light images, (i.e., reg-
ister onto them). This will assist in determining
areas of changed oxygenation and comparing them
with visual wound area. Additionally, extensive
systematic VLU imaging studies are required in
the future to quantify the tissue-oxygenation-based
marker that can provide subclinical physiological
status that objectively complements visual clinical
status during its treatment.
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Abbreviations and Acronyms

2D ¼ two dimensional
CURE ¼ Coulter Undergraduate Research

Excellence
CW ¼ continuous wave
DFU ¼ diabetic foot ulcer
GUI ¼ graphical user interface

HbO ¼ oxygenated hemoglobin
HbR ¼ deoxygenated hemoglobin
HbT ¼ total hemoglobin
HSI ¼ hyperspectral imaging
LED ¼ light-emitting diode

MBLL ¼ modified Beer-Lambert’s law
MSI ¼ multispectral imaging
NIR ¼ near-infrared

NIROS ¼ near-infrared optical scanner
OD ¼ optical density
ROI ¼ region of interest

StO2 ¼ oxygen saturation
VLU ¼ venous leg ulcer

(Appendix follows /)
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Appendix Figure A1. White light images (top row), normalized DHbO
maps (second row), normalized DHbR maps (third row), normalized DHbT
maps (fourth row), and normalized StO2 maps (fifth row) for healing VLU
(case 3) at the first and last week of imaging. Color images are available
online.

Appendix Figure A2. White light images (top row), normalized DHbO
maps (second row), normalized DHbR maps (third row), normalized DHbT
maps (fourth row), and normalized StO2 maps (fifth row) for healing VLU
(case 4) at the first and last week of imaging. Color images are available
online.
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