
Bone Flap Perfusion Assessment using Near-Infrared
Fluorescence Imaging

John T. Nguyen, M.D.1, Yoshitomo Ashitate, M.D.2, Ian A. Buchanan, B.A.1, Ahmed M.S.
Ibrahim, M.D.1, Sylvain Gioux, Ph.D.3, Priti P. Patel, M.D.1, John V. Frangioni, M.D. Ph.D.3,4,
and Bernard T. Lee, M.D., M.B.A.1
1Division of Plastic Surgery, Department of Surgery, Beth Israel Deaconess Medical Center,
Boston, MA
2Division of Cancer Diagnostics and Therapeutics Hokkaido University Graduate School of
Medicine, Sapporo, Japan
3Division of Hematology/Oncology, Department of Medicine, Beth Israel Deaconess Medical
Center, Boston, MA
4Department of Radiology, Beth Israel Deaconess Medical Center, Boston, MA

Abstract
Background—Microsurgical vascularized bone flaps are a versatile technique for reconstructing
large bone defects. However, assessment of perfusion is challenging, as clinical examination is
difficult intra-operatively and often not possible post-operatively. Therefore, it is important to
develop techniques to assess perfusion of vascularized bone flaps, and potentially improve
surgical outcomes. Near-infrared (NIR) fluorescence imaging has been previously shown to
provide real-time, intra-operative evaluation of vascular perfusion. This pilot study investigates
the ability of NIR imaging to assess perfusion of vascularized bone flaps.

Materials and Methods—Vascularized bone flaps were created on female Yorkshire pigs using
well-established models for porcine forelimb osteomyocutaneous flap allotransplantation (N = 8)
and hindlimb fibula flaps (N = 8). Imaging of the bone flaps was performed during harvest using
the FLARE™ intraoperative fluorescence imaging system following systemic injection of
indocyanine green (ICG). Perfusion was also assessed using standard of care by clinical
observation and Doppler. NIR fluorescence perfusion assessment was confirmed by intermittent
clamping of the vascular pedicle.

Results—NIR fluorescence imaging can identify bone perfusion at the cut end of the osteotomy
site. When the vascular pedicle is clamped or ligated, NIR imaging demonstrates no fluorescence
when injected with ICG. With clamp removal, the osteotomy site emits fluorescence indicating
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bone perfusion. Results using fluorescence imaging show 100% agreement with clinical
observation and Doppler.

Conclusion—Vascularized bone transfers have become an important tool in reconstructive
surgery; however, no established techniques adequately assess perfusion. Our pilot study indicates
that NIR imaging can provide real-time, intra-operative assessment of bone perfusion.

Keywords
Near-infrared imaging; vascularized bone flaps; bone perfusion; microsurgery; free flap;
composite tissue allotransplantation

INTRODUCTION
Vascularized bone flaps are used in reconstructive surgery for head and neck reconstruction,
extremity reconstruction, and reconstruction of any large bony defect. These defects can
result from postoncologic resections, trauma, infection, and congenital defects. The most
common use of vascularized bone flaps is in oromandibular reconstruction for defects
created by resection of oral cavity neoplasms or osteoradionecrosis of the mandible
following radiation therapy [1–4]. These bony and soft tissue defects are complex and
reconstruction often requires 3-dimensional composite tissue transfers for preservation of
form and function. Microvascular reconstruction continues to be the standard of care for
complicated mandibular reconstruction, and the most commonly used free flaps include the
fibula, radial forearm, and iliac crest.

Early peri-operative monitoring of microsurgical flaps is critical to improve success rates
[5–13]. Estimates in the literature of total flap loss after head and neck reconstruction are as
high as 14%, with complication rates of 21% to 43 % [1–13]. Composite tissue flaps that
include vascularized bone grafts require optimal conditions to survive in biological settings.
Preservation of a nutrient blood supply imparts viable osteoblasts and osteocytes, enabling
primary healing of the graft to the recipient bone. Failure of vascularized bone grafts result
in nonunion, fracture, and bone atrophy.

Monitoring of bone flaps is particularly challenging. After the inset of the bone segment and
post-operatively, there is lack of direct access to the bony segment, which is buried.
Standard methods of monitoring are limited because the ability to assess capillary refill and
tissue color are not primary options on a bony flap. Attempts to circumvent this issue have
centered on harvesting a monitoring flap such as an island cutaneous flap perfused by the
same vessels as the buried components, but even in this setting flap loss rates remain high.
Intra-operatively, prior to the inset of the bone segment, difficulties arise with determining
the extent of perfusion of the harvested bone segment. Clinical evaluation is often
inadequate for assessing the perfusion of the bone segment leaving to question the viability
of the harvested bone. Currently, there are no adequate methods of assessment of intra-
operative perfusion of bone flaps other than clinical observation of bleeding at the
osteotomy sites after elevation and transfer [14]. Methods such as hand-held Doppler for
perforator identification and postoperative monitoring can be highly operator dependent and
unreliable. Limitations of Doppler use include interference from neighboring vessels, and
the ability to only measure changes close to the surface [15].

Overall, the ability to rapidly assess microvascular compromise can significantly improve
flap salvage and more efficacious methods are required for monitoring buried flaps both in
the intra-operative and post-operative period. Disa et al. compared the salvage rate and final
outcomes of buried versus nonburied flaps monitored by conventional techniques [16]. They
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found that the overall free flap success rate was significantly lower for buried free flaps
mainly due to delay in identifying flap failure.

Our group has previously described the Fluorescence-Assisted Resection and Exploration
(FLARE™) near-infrared (NIR) imaging system and its potential for intraoperative surgical
guidance [17–24]. This technology permits imaging in real-time, and in a safe, non-contact
manner using a fluorescent probe capable of highlighting subsurface structures such as
vasculature [17–20] or sentinel lymph nodes [25]. Fluorescent probes in the NIR range of
700 to 900 nm, such as indocyanine green (ICG), are usually preferred because NIR light
can penetrate several millimeters into living tissue, offering excellent sensitivity to elicit
fluorescence during angiography [18]. Consequently, NIR fluorescence imaging offers a
sensitive and reliable method for monitoring tissue perfusion. The FLARE™ imaging
system also has the capability of displaying merged images of NIR fluorescence with
surgical anatomy at high resolution and in real time [23]. These digital images can be
viewed in real time, and reviewed to determine optimal vessel choice during reconstructive
operations. We describe our initial experience with NIR fluorescence imaging for intra-
operative monitoring of perfusion in a pilot study of porcine osteomyocutaneous free flaps
and vascularized bone flaps.

MATERIALS AND METHODS
Animals

Animal studies were performed under the supervision of Beth Israel Deaconess Medical
Center’s Institutional Animal Care and Use Committee (IACUC) in accordance with
approved institutional protocol #155-2008. Female 35-kg Yorkshire pigs (E. M. Parsons and
Sons, Hadley, MA) were used in this study. The pigs were induced with 4.4-mg/kg
intramuscular Telazol (Fort Dodge Animal Health, Fort Dodge, IA), intubated, and
maintained with 2% isoflurane (Baxter Healthcare Corp., Deerfield, IL). Physiological
parameters (electrocardiography, heart rate, oxygen saturation, and body temperature) were
monitored during all experiments. All animals included in this study were healthy with no
prior history of allosensitization. A 14-gauge central venous catheter was inserted in the
femoral vein prior to surgery.

Anesthesia
On the day of the surgery, the animals were first premedicated with xylazine (Rompun®, 2
mg/kg) and ketamine hydrochloride (Ketaset®, 20 mg/kg). Thiopental sodium (Pentothal®,
50 mg) and atropine (0.5 mg) were then administered. The pigs were intubated and
consequently connected to a Quantiflex ventilator (Matrix Medical, Inc., Orchard Park, NY).
They were maintained on anesthesia throughout the procedure using 2% isoflurane (IsoFlot)
in oxygen.

NIR Fluorescence Imaging
The light source and optics of the current FLARE™ imaging system are attached to an
articulated arm, which allows for positioning in 3-dimensional space while maintaining a
working distance of 18 inches between the optics and the surgical field [17–24]. A light-
guide coupled RF plasma light source generates > 40,000 lx of white light (400 to 650 nm),
and a fiber coupled laser-diode source ≈ 10 mW/cm2 of 760-nm NIR fluorescence provides
excitation light over an area of 15 × 11 cm [26]. Color and NIR fluorescence images of the
surgical field are acquired simultaneously via custom-designed optics and software [20].
ICG (1.25 mg; 36 μg/kg) was injected as a rapid bolus in 10 cc of saline.
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Surgical Procedure
Forelimb Flap—The pig radial forelimb composite tissue allotransplantation (CTA) flap is
an osteomyocutaneous free flap based on the cephalic vein and brachial artery [27–32]. The
flap consists of skin, muscle, bone, vessels and nerves, all of which are continuous with the
medial digit. The vascular territories of the skin paddle were defined in the pig forelimb in
our study by injecting ICG and performing NIR imaging. Once the location of the vessels
was identified, an 8 × 8-cm paddle of skin was designed on the anteromedial aspect of the
pig’s forelimb approximately 3 cm below the elbow joint. As described previously [27–32],
the cephalic vein was identified and dissected proximally.

The flexor carpi radialis was detached from its insertion on the medial epicondyle, and the
brachial artery, medial and radial nerves were identified and dissected. Proximal and distal
osteotomies were performed on the radius, and a vascularized 6-cm segment of radial bone
was isolated. The neurovascular bundle supplying the radial forelimb osteomyocutaneous
flap was left intact.

Fibula Flap—To elevate the vascularized fibula bone flap, an incision was made from the
stifle (knee) joint parallel to the peroneal muscles on the lateral aspect of the hind limb to the
tarsocrural joint [33–35]. After dividing the peroneus brevis and longus muscles in a
longitudinal manner, the fibula was identified. The interosseous membrane (behind which
the caudal tibial artery is located) was identified after dividing the insertions of the extensor
digitorum and tibialis anterior muscles on the anterior aspect of the fibula. To avoid injuring
the caudal tibial artery, the two perforating branches and vena comitantes were identified at
their point of entry to the fibula, at which point the interosseous membrane was carefully
stripped using a blade. This left a lengthy, fine slip of tibial periosteum close to the insertion
of the membrane, at which point the flexor hallucis longus muscle was dissected
posterolaterally. The fibula was then disarticulated using a gigli saw superiorly at the stifle
and inferiorly at the tarsocrural joint.

RESULTS
Forelimb Flap

ICG was initially injected systemically to map out the location and distribution of arterial
perforators to aid in the design of our skin flap. An 8 × 8 cm region was mapped out based
on a perforator located on the forelimb of the pigs (Figure 1). Each composite tissue flap
was elevated based on the cephalic vein and brachial artery. Following a second systemic
ICG injection, the perfusion of each individual component (skin, muscle, bone) of our
composite flap was visualized. Our skin paddle displayed a major perforator, with systemic
ICG injection leading to progressive illumination of skin, muscle and bone segments (Figure
2). The bone segments of our composite tissue flap demonstrate perfusion at their distal ends
clinically with bleeding at the osteotomy site. In addition, perfusion was assessed with a
hand-held Doppler with 100% correlation.

Bone perfusion was further illustrated with clamping of the arterial vascular pedicle (Figure
3). Initially, the pedicle was clamped before ICG injection. The clamp was then released
approximately 20 s after ICG injection with resulting perfusion of the isolated composite
flap. The distal end of the bone segment progressively increased in fluorescence intensity
indicating perfusion at the osteotomy site (Figure 3, right panel). These results demonstrate
that NIR fluorescence imaging adequately confirms bone perfusion by the vascular pedicle.
Arterial and venous clamping correlated with the clinical examination of skin color, turgor
and capillary refill in the skin flap as well as bleeding at the osteotomy site. Hand-held
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Doppler confirmed complete occlusion of the vessels with 100% correlation with the NIR
imaging findings.

Fibula flap
The fibula bone flap was harvested without a skin paddle. The interosseous membrane was
identified and the vascular pedicle preserved prior to osteotomy. Systemic ICG injection was
then performed as bone perfusion can be visualized within our fibular flap with NIR
fluorescence at the distal end. This correlated with clinical findings of bleeding at the cut
bone edge.

Comparison of a devascularized bone flap (where the pedicle was ligated) and a
vascularized bone flap with NIR imaging shows corresponding NIR fluorescence at the
osteotomy site in the vascularized flap with a lack of fluorescence in the devascularized flap
(Figure 4). The devascularized bone showed no clinical perfusion or bleeding at the
osteotomy site and the hand-held Doppler confirmed lack of flow in the pedicle. Finally, the
vascularized bone flap showed bleeding at the bone edge and Doppler confirmation of
perfusion at the vascular pedicle. We used signal-to-background ratio (SBR) for quantitation
of fluorescence intensity (FI). SBR was calculated as follows; FI of region of interest
(ROI) / FI of background (BG). The perforator (bone marrow) and the corner of the image
were used as ROI and BG respectively. Vascularized bone marrow and devascularized bone
marrow showed SBR=2.30 and 1.03, respectively.

DISCUSSION
Presently, there exist no established techniques to effectively monitor the viability of
vascularized bone grafts. In this pilot study, we were able to demonstrate that NIR
fluorescence imaging has the ability to assess perfusion and viability of vascularized bone
flaps. This was shown in two different anatomic locations and vascularized bone flap
models: the osteomyocutaneous forelimb flap and the fibula flap. NIR fluorescence imaging
was able to identify perfusion at both the osteotomy site and the vascular pedicle after flap
elevation and harvest.

Recently, the perfusion of composite tissue flaps has been evaluated with the use of contrast
angiography. [36,37] In addition, near-infrared angiography with ICG has been translated
for clinical use with multiple applications in plastic surgery. [23,25,26,36] The end result is
the ability to aid in the design and assessment of flap perfusion in the intra-operative period.
[26,36] The study described here builds upon this body of work as we now describe the use
of near infrared imaging to assess bony perfusion for the first time.

There are significant advantages in the use of NIR fluorescence imaging for vascularized
bone flaps. First, NIR fluorescence imaging can be used to assist in flap design by locating
perforator vessels. In the osteomyocutaneous composite forelimb flap, this allows us to
create an 8 × 8 cm skin paddle based on an arterial perforator. Second, after flap elevation
and harvest, including osteotomy, NIR imaging can demonstrate perfusion at the cut bone
edges. As clinical examination of the bone flap is often difficult, this allows the
reconstructive surgeon to identify that the bone flap is adequately vascularized. Clamping of
the arterial pedicle in this study, with subsequent release was able to provide direct
correlation between NIR imaging, clinical findings, and hand-held Doppler.

Another advantage to NIR fluorescence imaging is the possibility to directly assess bone
perfusion at the vascular pedicle. This feature allows the surgeon to better assess the
viability of the flap, and identify the origins of vascular compromise as well as devise a
strategy intraoperatively. In clinical terms, assessing bone perfusion immediately after
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harvest will allow the surgeon to make crucial decisions and actively intervene if necessary.
Assessing bone perfusion immediately after microsurgical transfer will also allow the
surgeon to make decisions about real-time perfusion abnormalities including spasm,
thrombosis, or technical failure in anastomosis. This additional information can potentially
influence changes in management, thus improving flap salvage and decreasing flap failure.

This technology however is limited once the bone segment is set into the reconstructed
defect. The use of NIR imaging is therefore potentially an important adjunct in the
intraoperative setting for evaluating bone perfusion. Once the bone is inset and plated, the
ability to monitor perfusion in a composite flap is limited to the surface skin paddle. Thus, at
this time our technology does not afford the ability to eliminate other commonly used post-
operative flap monitoring methods. Contrast-enhanced high resolution ultrasound (hrCEUS)
has recently been described to assess microcirculation of reconstructed bony defects; this
technology may potentially allow assessment of perfusion post-operatively. [38] Once again,
however, this is not an effective monitoring technique, as hrCEUS is not a continuous
imaging device.

Another limitation of this technology is the slow and incomplete clearance of ICG within the
time of surgery. ICG is a safe and widely used fluorophore that is FDA approved. With
systemic injection of ICG, fluorescence is quickly seen (approximately 20 seconds) at the
distal end of our osteotomy site after the initial injection. This fluorescence persists after the
injection with a decrease in intensity to 50% after approximately 10 minutes. After 30
minutes, the ICG has washed out to a level that is approximately 15% of its peak intensity,
but after 60 minutes the fluorescence levels return to baseline. Therefore the time needed for
a complete fluorescent washout would be approximately 60 min. By measuring the intensity
of our fluorescence over time, which was described in our previous papers [39], we have
determined the time required for the ICG to washout. We have found that ICG can be
infused approximately every ten minutes and repeated up to five times before the ability to
discern details such as vasculature is lost due to residual fluorescence. Newer fluorescent
dyes are currently being designed for faster clearance, therefore reducing the background
contamination [40]. Although this pilot study describes our initial work with near infrared
imaging of bony perfusion, we are currently working on developing quantitative metrics to
assess flap perfusion and vascular compromise. This will allow us to develop quantitative
analysis similar to what has previously been described from our laboratory using this
technology in other flap models [39].

NIR fluorescence imaging has shown to be a promising tool to provide surgeons with
feedback in real-time during surgery. This imaging modality has successfully been used
during first-in-human trials for sentinel lymph node mapping [25] and breast reconstruction
following mastectomy [23]. In this study, fluorescence imaging was successfully validated
in porcine models to assess perfusion of vascularized bone flaps. Overall, this emergent
technology shows promise in its ability to monitor bone perfusion peri-operatively and could
therefore allow the surgeon to intervene and improve outcomes. This may someday prove
valuable to the reconstruction of large bone defects.
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Figure 1.
Forelimb composite flap design using NIR fluorescence imaging. The imaging system
shows the surgical field in color (left), NIR fluorescence (middle), and a merged image of
the two (right). After injection of ICG, the cutaneous perforators can be identified (arrow).
Scale bar = 3 cm.
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Figure 2.
Forelimb composite flap showing progressive perfusion of skin, muscle and bone. Prior to
ICG injection, there is no NIR fluorescence signal (left column). After ICG injection, at 30 s
the skin perforator shows fluorescence (left middle column, arrow labeled P depicts skin
perforator), at 45 s the skin paddle is further perfused as well as the muscle (right middle
column, arrow labeled S depicts peripheral skin, arrow labeled M depicts muscle), at 120 s
the cut end of the bone is perfused (right column; arrow labeled B depicts bone perfusion).
Scale bar = 3 cm.
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Figure 3.
Forelimb composite flap during arterial clamping. ICG is injected while the artery is
clamped (left column). After release of the arterial clamp there is progressive perfusion of
the skin, muscle, and bone (arrow depicts bone perfusion). Scale bar = 3 cm.
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Figure 4.
Fibula flap with a devascularized, ligated pedicle (left column) shows no perfusion or NIR
fluorescence. Fibula flap with a vascularized pedicle (right column) shows NIR perfusion of
the osteotomy site and cut bone edges. Scale bar = 1 cm.
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