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Abstract

Chronic wounds are a significant burden to global patient and health care infrastructures,
and there is a need for better methods of early wound diagnosis and treatment.
Traditional diagnosis of chronic wound infection by pathogenic bacteria, using clinical
signs and symptoms, is based on visual inspection under white light and microbiological
sampling (e.g. swabbing and/or biopsy) of the wound, which are subjective and
suboptimal. Diagnosing microbial infection based on traditional clinical signs and
symptoms in wounds of asymptomatic patients is especially challenging at the bedside.
Bacteria are invisible to the unaided eye and wound sampling for diagnostic testing
can cause unacceptable delays in diagnosis and treatment. To address this problem,
we developed a new prototype handheld, portable fluorescence imaging device that
enables non-contact, real-time, high-resolution visualisation of pathogenic bacteria and
tissues in wounds. Herein, we report the clinical use of this imaging device in detecting
subsurface heavy bacterial load and subclinical local infection in an asymptomatic
50-year-old patient with a non-healing diabetic foot ulcer.

million annually (6). Treatment for chronic diabetic wounds
involves various surgical debridement techniques to remove

Subsurface bacterial burden can be missed during standard
wound examination protocols and this can be influenced by the
level of clinician experience (1), possibly contributing to wound
chronicity, if left unmanaged. Wound management poses a
large burden on health care systems worldwide (2). Wounds
are classified as having an acute or chronic aetiology (2). Acute
wounds heal within a predictable time frame and rarely require
intervention, while the contrary is true for chronic wounds (2).
Infections often occur in chronic wounds and contribute to the
delayed healing process (3).

Of the many types of chronic wounds, diabetic foot ulcers
are the leading cause of amputations worldwide (4). Diabetic
foot ulcers are caused primarily by diabetic neuropathy and
accelerated atherosclerosis, leading to ischaemia (5). Diabetic
foot ulcers develop in approximately 15% of diabetic individ-
uals, costing the Canadian health care system upwards of $150
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superficial necrotic tissue and the topical or systemic use of

Key Messages

e detection of wound infection in asymptomatic patients
with non-healing diabetic foot ulcers can be challenging
even for experienced clinicians who rely on conventional
clinical signs and symptoms, because bacteria are invisi-
ble to the unaided eye under white light illumination

e subsurface bacterial burden can be missed during stan-
dard wound examination protocols and this can be influ-
enced by the level of clinician experience, possibly con-
tributing to wound chronicity, if left unmanaged
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o fluorescence imaging using a portable handheld device
may safely and rapidly enable routine examination of dia-
betic foot ulcers (and other non-healing wounds) by pro-
viding real-time quantitative visualisation of otherwise
occult bioburden, which can guide sampling, debride-
ment and antibiotic prescription (while awaiting culture
test results)

antimicrobials and antibiotics to accelerate the healing process
(7.8).

The current diagnostic standard of wound care involves the
non-quantitative and subjective visual assessment of the wound
under standard room lighting conditions for clinical signs and
symptoms, such as pain, erythema, oedema, lymphadenitis
and purulence (7). Microbiology swabs are inconsistently and
sometimes inappropriately used in conjunction with clinical
signs and symptoms as semi-quantitative assessments of the
presence of bacteria in wounds (7). Semi-quantitative surface
swabs are the most common sampling method because of min-
imised expense and pain (9,10), but there is no conclusive
guideline for the most effective swabbing technique (11). The
Levine swabbing technique (12) is most commonly used, but is
limited because it samples only the centre of the wound, potenti-
ating missed collection and identification of treatment-relevant
bacteria at the wound periphery or other distant locations.
Results from microbiology laboratories typically return after
3-5 days, and thus cannot be used in real time.

To address these limitations, we developed a handheld,
non-contact, non-invasive, autofluorescence imaging device
called PRODIGI (Portable Real-time Optical Detection, Iden-
tification and Guidance for Intervention; Figure 1) for use in
wound management at the point-of-care. The PRODIGI device
captures autofluorescence (AF) signals, which are intrinsically
produced by different tissue components and bacteria upon
excitation by blue-violet light from the device, without the need
for exogenous contrast agents. A composite colour image of
green AF, produced by endogenous connective tissues in skin,
and red AF, produced by endogenous porphyrins in clinically
relevant bacteria, is captured in real time by the imaging sen-
sor for assessment by a physician on the liquid crystal dis-
play (LCD) touch screen (13). Porphyrin complexes are usu-
ally found in wound bacteria (14) and their biofilms, produc-
ing characteristic red fluorescence under violet light excitation.
Whereas some bacteria, like Pseudomonas aeruginosa, pro-
duce green fluorescence under violet light excitation mainly
because of the presence of siderophores.

PRODIGI has been extensively validated in preclinical
wound models (13) as well as randomised clinical trials involv-
ing patients with chronic wounds (clinicaltrials.gov identifiers:
NCT01378728, NCT01651845) (15). In these clinical stud-
ies, an accuracy comparison was performed between white
light examination and AF imaging for detecting clinically
significant bioburden in the wound bed, periphery and off-site
areas. In the wound bed, AF correctly detected 74-5% of
wounds with clinically significant bioburden, compared with
52:5% for white light inspection (P =0-003). In the wound
periphery and off-site areas, standard practice would not have
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Figure 1 Photograph of PRODIGI device. The prototype handheld flu-
orescence imaging device aimed at a diabetic foot ulcer. Fluorescence
images are displayed in real time on the colour liquid crystal display (LCD)
touch screen. Dual broadband white light and violet light light emitting
diode (LED) arrays provide illumination of the wound, while the autoflu-
orescence signals from the wound and surrounding healthy tissues are
detected by the device's complementary metal—oxide—semiconductor
(CMOS) image sensor in real time.

assessed these areas, while PRODIGI accurately detected
clinically significant bioburden 82-4% of the time in the wound
periphery (P <0-001) and 67-1% in other areas (P =0-006).
White light examination was correct 17-6% of the time in the
peripheries and 32-9% in other areas (P < 0-001 and P =0-006,
respectively). Thus, by not assessing these areas at all, stan-
dard practice failed to detect 82-4% and 67-1% of clinically
significant bacterial load in the periphery and off-site areas,
respectively.

Moreover, longitudinal FL imaging showed that 90% of
patients would have been sent home at least once during
the care cycle with a clinically significant bacterial load if
assessed by white light examination (95% confidence inter-
val: 81-0%, 96-0%). Overall, white light inspection had a pos-
itive predictive value of 94-5% versus 74-5% for AF imaging
(P <0-001), but the sensitivity of standard methods was only
14-2% (P < 0-001). The ratio of true positives from AF imaging
to standard methods was 365/52 =7-0. The overall accuracy of
judging the presence of clinically significant bacterial load in
chronic wounds for AF was 74-5% versus 35-5% (P < 0-001)
for white light assessment, based on swab results, thus guid-
ing the clinicians to consider the use of antimicrobial therapies
following the detection of significant bacterial load with AF
imaging.
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Figure 2 \White light and corresponding fluorescence images of the study wound obtained using PRODIGI device. (A) White light image (plantar view)
of the study patient’s diabetic foot ulcer before debridement. (B) Corresponding fluorescence image of the ulcer before debridement shows area of
bacterial red fluorescence (arrow) below small toe. (C) Fluorescence image of the ulcer during debridement showing larger extent of bioburden below
the skin surface. The bacterial load before and after debridement was 0-9578 cm? and 4-0985 cm?, respectively. (D) White light image of the ulcer after
debridement. (E) Corresponding fluorescence image of the ulcer after debridement shows persistent area of bacterial load, which can be sampled in

a targeted manner using fluorescence image guidance. (Scale bars: 2.cm).

Overall, these studies demonstrate that the technology can
instantaneously detect the presence, location and extent of
bacteria in and around the wound, which can guide wound
sampling and debridement based on real-time fluorescence
imaging at the bed side (15). Furthermore, the technology was
shown to be easy to use, non-disruptive to clinical workflow
and safe. Herein, we report a unique clinical case illustrating
the use of AF imaging in detecting subclinical infection in
an asymptomatic 50-year-old male patient with a non-healing
diabetic foot ulcer, where infection was occult to conventional
clinical examination.

Case description

A 50-year-old male presented with a diabetic foot ulcer on the
sole of his right foot. Comorbidities included obesity, hyper-
tension and Charcot foot. In 1995, this patient experienced a
motorcycle accident, resulting in a fractured right femur and
severe nerve damage in his lower right extremity, which caused
a drop foot. In 1997, he was diagnosed with type I diabetes,
which has since been poorly maintained. In 1999, an ulcer on
the mid-plantar surface of his right foot was discovered; surgery
was performed in 2002 to remove this ulcer. Post-surgery, the
patient injured himself in the midst of physiotherapy sessions,
fracturing the tarsal, mid-tarsal and calcaneus of his right foot.
An orthopaedic surgeon recommended amputation of the right
foot; however, after seeking a second opinion, he has been
treated since 2007 at the Judy Dan Research and Treatment
Centre (JDRTC; Toronto, Canada) with hyperbaric oxygen ther-
apy (HBOT), various debridement techniques and antibacterial
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medications. Additional surgeries were performed to clip the
protruding bones and to reconstruct the foot. This study wound
was closed and re-opened numerous times as a result of a com-
bination of multiple surgeries and the nature of the healing
process.

The patient presented at his weekly visit in April 2013 with
hyperkeratosis (6 cm X 8 cm), which was examined under stan-
dard white light (Figure 2A). Based on the white light findings,
the clinician was uncertain if debridement was necessary. A flu-
orescence image (Figure 2B) was then taken using PRODIGI,
showing an area of bright red fluorescence at the wound site
below the fifth toe, indicating the presence of bacteria in the
wound. Based on the fluorescence image, the clinician decided
to debride the wound with a scalpel and curette, exposing the
underlying tissues. During the procedure, a second fluorescence
image was taken with PRODIGI. A large area of red fluores-
cence was detected medial to the primary wound site on the
right foot (Figure 2C). Based on the red fluorescence detected in
the second image, debridement was continued and a secondary
wound was observed, which was not visible under conven-
tional clinical examination by white light. Microbiological cul-
ture testing of swabs obtained from the red fluorescent areas of
the wound confirmed the presence of heavy growth of Staphy-
loccocus aureus in the wound before and after fluorescence
image-guided debridement — indicating an otherwise subclin-
ical bacterial infection that was missed by conventional clinical
examination. Post-debridement images of this 0-6 cm X 0-2 cm
wound were then taken using both white light and fluores-
cence imaging (Figures 2D, 2E). The wound was dressed with
iodine and gauze and the patient was prescribed 500 mg of
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Figure 3 Fluorescence images enable quantification of bacterial load during wound assessment. Custom intensity threshold-based image analysis
software was used to determine the relative amount of bacteria. (A) prior to and (B) after wound debridement based on bacterial red fluorescence
intensities. Image pixels containing bacterial red fluorescence are colour coded by the software to be bright red in this composite image, which also
shows green fluorescence from connective tissues and skin for anatomical context of the location of the bacterial load. (Scale bars: 2 cm).

CIPRO® twice daily for 2 weeks, based on visual inspection
and PRODIGI AF imaging of the open wound. Because of
the severity of the wound infection found after opening up the
wound, the attending physician determined that it was neces-
sary to prescribe antibiotic therapy to suppress the infection (as
the benefit of suppressing the infection outweighed the risk of
the potential development of drug resistance in the future). In
this case, AF imaging signalled the presence of a hidden bacte-
rial infection in an otherwise asymptomatic patient that guided
the decision to prescribe antibiotic and obtain a culture test for
confirmation.

Bacterial load was quantified (area in cm?) with custom flu-
orescence intensity threshold-based software using MATLAB
(Version 7.9.0; Figure 3) (13,15). The bacterial load before
and after debridement was 0-9578 cm? and 4-0985 cm?, respec-
tively. Comparison of bacterial load using fluorescence images
obtained before and after debridement demonstrated the pres-
ence of heavy growth of S. aureus below the wound surface
that was missed by conventional examination but shown by
fluorescence-guided debridement. Fluorescence detection of
this underlying infection afforded useful and targeted sampling
of the wound as well as timely therapeutic intervention that
would have otherwise been a missed treatment opportunity.

Discussion

This case report demonstrates the difficulty in detecting a
subclinical surface bacterial infection and assigning timely
treatment in asymptomatic chronic wound patients, based on
best clinical practice guided by white light visual assessment
of the wound site by the wound care clinician. Fluorescence
imaging can be performed rapidly and safely before and during
debridement to detect clinically relevant bacterial load at the
wound site. In this case, imaging of the wound at presentation
signalled a suspicious area (based on red bacterial fluores-
cence), which prompted the clinician to further investigate the
wound by debridement. Indeed, fluorescence imaging enabled
the discovery of a secondary infected wound below otherwise
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unremarkable skin and altered the clinician’s decision-making
process by prompting the timely prescription of antibiotics,
which benefited the patient. Importantly, fluorescence imaging
was used by the clinician as an assistive tool during the con-
ventional assessment of signs and symptoms of infection in
the patient. In this assistive capacity, PRODIGI helped guide
wound debridement at the bedside, aided ‘targeted’ sampling
of the subsurface bioburden (based on bacterial fluorescence)
for standard laboratory cultures and informed the decision for
rapid administration of antibiotic treatment. PRODIGI can be
used at the time of initial wound assessment and longitudinally
to objectively monitor bacterial burden, including during the
course of treatment (13,15). In addition, fluorescence imaging
can be used to objectively determine the response of a wound
to treatment (13,15). The current report illustrates the potential
for missing the diagnosis of an infection using examination
of standard clinical signs and symptoms in asymptomatic
patients with chronic diabetic foot ulcers, possibly contributing
to wound chronicity. Point-of-care fluorescence imaging may
offer a new way to assist clinicians in mitigating this risk.
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