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Clinical Application of the
Near-Infrared Fluorescence—Guided Imaging
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General Background: Near-infrared (NIR) light, in the wavelength range of 700 to 900 nm,
offers several significant advantages over presently available imaging techniques. NIR wavelength
light take advantage of the “NIR window” where light absorption from blood and water (i.e., major
light absorbers in the body) is minimal. Thus, NIR light can penetrate relatively deeply into the
tissue. Namely it can generate relatively high photon penetration into, and out of, living tissue, due
to reduced absorbance and scatter, and a relatively high signal-to- background ratio due to low tissue
autofluorescence. Intraoperative use of NIR fluorescence-guided imaging would have a profound
impact on the detectability of structures that need to be resected (e.g., tumors) and avoided (e.g.,
vessels and nerves). Our laboratory have previously developed a custom NIR florescence-guided
imaging system, so-called FLARE™ (Fluorescence-Assisted Resection and Exploration) surgical
imaging system. The features of this system included acquisition of NIR fluorescence emission in
the context of surgical anatomy (i.e., provided by the color video camera) and no change to the look
of the surgical field, because NIR light is invisible. We hypothesized the combination of an
intraoperative NIR fluorescence imaging system and a clinically available NIR fluorophore could
permit real-time, patient-specific identification of the extrahepatic bile duct and ureters, as well as
assessment of perfusion, with the overlay of color video (surgical anatomy) and NIR fluorescence
especially useful. Our system can also provide quantitative assessment via custom software, by
which subjective optical brightness can be converted into the numerical fluorescence intensity. In
this study, we evaluated clinical application of NIR fluorescence-guided imaging in the
intraoperative extrahepatic bile duct imaging, ureter imaging, and perfusion imaging in the
preclinical setting using large animals.

PART 1 - Extrahepatic Bile Duct Imaging

Background: Iatrogenic bile duct injuries are serious complications with patient morbidity. We
hypothesized that the invisible near-infrared (NIR) fluorescence properties of methylene blue (MB)
and indocyanine green (ICG) could be exploited for real-time, intraoperative imaging of the
extrahepatic bile ducts during open and laparoscopic surgeries.

Methods: 2.0 mg/kg of MB and 0.05 mg/kg of ICG were intravenously injected into 35-kg female
Yorkshire pigs and the extrahepatic bile ducts imaged over time using either the FLARE™
image-guided surgery system (open surgery) or a custom NIR fluorescence laparoscopy system.
Surgical anatomy was confirmed using x-ray cholangiography. Contrast-to-background ratioc (CBR),
contrast-to-liver ratio (CLR), and chemical concentrations in the cystic duct and common bile duct
were measured, and the performance of each agent quantified.

Results: Using NIR fluorescence of MB, the cystic duct and common bile duct could be identified
with good sensitivity (CBR and CLR = 4), during both open and laparoscopic surgeries, from 10 to
120 min post-injection. Functional impairment of the ducts, including constriction and injury were
immediately identifiable. Using NIR fluorescence of ICG, extrahepatic bile ducts did not become
visible until 90 min post-injection due to strong residual liver retention, however, between 90 to 240
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min, ICG provided exquisitely high sensitivity for both cystic duct and common bile duct, with CBR
=8 and CLR = 4.

Conclusions: We demonstrate that two clinically available NIR fluorophores, MB
fluorescing at 700 nm and ICG fluorescing at 800 nm, provide sensitive, prolonged identification of
the extrahepatic bile ducts and assessment of their functional status. MB has the advantage of rapid
excretion into bile and low signal intensity in the liver, but optical properties are modest and 700 nm
emission is subject to higher autofluorescence background. ICG has the advantages of superior
optical properties and lower dosing, but requires over 2 hr before imaging is optimal.

PART 2 - Ureter Imaging

Background: The aim of this study was to determine whether the invisible near-infrared (NIR)
fluorescence properties of methylene blue (MB), a dye already FDA-approved for other indications,
could be exploited for real-time, intraoperative identification of the ureters.

Methods: The optical properties of MB were quantified in vitro. Open surgery and laparoscopic
NIR fluorescence imaging systems were employed. Yorkshire pigs were injected intravenously with:
0.1 mg/kg MB (n = 8), 10 mg furosemide followed by 0.1 mg/kg MB (n = 6), or 0.5 mg/kg MB (n =
6). The contrast-to-background ratio (CBR) of the kidney and ureters, and MB concentration in urine
were quantified.

Results: Peak MB absorbance, emission, and intensity in urine occurred at 668 nm, 688 nm, and 20
uM, respectively. After intravenous injection, doses as low as 0.1 mg/kg MB provided prolonged
imaging of the ureters, and a dose of 0.5 mg/kg provided statistically significant improvement of
CBR. Pre-injection of furosemide increased urine volume but did not improve CBR. Laparoscopic
identification of the ureter using MB NIR fluorescence was demonstrated.

Conclusions: Ureteral imaging using MB NIR fluorescence provides sensitive, real-time,
intraoperative identification of the ureters during open and laparoscopic surgeries. :
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PART 3 - Perfusion Imaging

Background: Techniques currently used to determine flap perfusion are mainly subjective, with the
majority of reconstructive surgeons still relying on clinical examination. In this study, we
demonstrate the use of near-infrared (NIR) fluorescence angiography to directly quantify normal and
abnormal perfusion in perforator flaps.

Methods: Indocyanine green was intravenously injected into anesthetized adult pigs (n = 38). A
custom NIR fluorescence imaging system was employed for image acquisition and quantitation.
Thirty-nine flaps were designed based on identified perforators, and post-operative imaging was
performed for comparison. In select flaps, isolated occlusion of the arterial and venous pedicle was
performed. In select flaps, vascular spasm was induced by local irrigation of the vessels with
epinephrine. The fluorescence intensities of select regions-of-interest were quantified. From these
data, we defined two indices for abnormal perfusion: the T, ratio and the drainage ratio.

Results: We identified a normal pattern of perfusion prior to flap elevation, composed of a distinct
fluorescence intensity peak at maximal arterial inflow followed by a smooth drop representing
venous drainage. Delay of this peak after flap elevation, as indicated by T, ratio, identified
vascular spasm and arterial occlusion (p < 0.0001). Abnormal fall of fluorescence intensity after this
peak, as indicated by drainage ratio, identified venous occlusion (p < 0.0001).

Conclusions: Quantitation of fluorescence intensity by NIR angiography accurately characterizes
arterial and venous compromise. Our technique can assess perfusion characteristics during the
intra-operative and post-operative periods, and therefore complements clinically-based subjective
criteria now used for flap assessment.
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