
https://doi.org/10.1007/s11307-022-01789-z

REVIEW ARTICLE

Current and Future Applications of Fluorescence Guidance 
in Orthopaedic Surgery

Samuel S. Streeter1   · Kendra A. Hebert1 · Logan M. Bateman1,2 · Gabrielle S. Ray2,3 · Ryan E. Dean2,3 · 
Kurt T. Geffken2,3 · Corey T. Resnick2,3 · Daniel C. Austin2,3 · John‑Erik Bell2,3 · Michael B. Sparks2,3 · Summer L. Gibbs4 · 
Kimberley S. Samkoe1 · I. Leah Gitajn2,3 · Jonathan Thomas Elliott1,2,3,5 · Eric R. Henderson1,2,3,5

Received: 18 July 2022 / Revised: 1 November 2022 / Accepted: 16 November 2022 
© The Author(s), under exclusive licence to World Molecular Imaging Society 2022

Abstract
Fluorescence-guided surgery (FGS) is an evolving field that seeks to identify important anatomic structures or physiologic 
phenomena with helpful relevance to the execution of surgical procedures. Fluorescence labeling occurs generally via the 
administration of fluorescent reporters that may be molecularly targeted, enzyme-activated, or untargeted, vascular probes. 
Fluorescence guidance has substantially changed care strategies in numerous surgical fields; however, investigation and 
adoption in orthopaedic surgery have lagged. FGS shows the potential for improving patient care in orthopaedics via several 
applications including disease diagnosis, perfusion-based tissue healing capacity assessment, infection/tumor eradication, 
and anatomic structure identification. This review highlights current and future applications of fluorescence guidance in 
orthopaedics and identifies key challenges to translation and potential solutions.
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Introduction

Surgery and other invasive medical procedures are ultimately 
deemed acceptable based on the risk-to-benefit ratio. In the 
ideal embodiment, an invasive procedure will accomplish its 
goal—tumor removal, vascular bypass, etc.—with absolute 
effectiveness and efficiency and with the least possible harm 
to normal structures. Radiological imaging has revolution-
ized what is possible from a procedural standpoint, enabling 

non-invasive anatomical guidance to enhance the accuracy 
and safety of medical procedures.

Molecular imaging has added another dimension to exist-
ing technologies, enabling the identification of physiological 
phenomena along with the anatomy under scrutiny. Molecu-
lar imaging involves the visualization, characterization, and 
measurement of microscopic biochemical phenomena. The 
field spans a wide range of modalities, including positron 
emission tomography (PET), single photon emission com-
puted tomography (SPECT), computed tomography (CT), 
magnetic resonance imaging (MRI), ultrasound (US), and 
optical imaging [1]. Each modality offers strengths and 
weaknesses, mainly tied to human safety and efficacy for 
visualizing anatomical structures, tissues, and pathologies, 
but cost and ease-of-use are also key factors for clinical 
translation. In the context of surgical guidance, imaging 
and visualization are ideally real-time with a field of view 
that matches the surgeon’s view of the operative field. A 
well-known downside of optical imaging in general is lim-
ited depth penetration in tissue (cm or less). However, for 
guidance during surgical procedures where target tissues 
are (nearly) exposed, optical imaging has the potential to 
provide valuable molecular sensing [2]. Relative to other 
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modalities, optical imaging is safe (i.e., non-ionizing), rapid 
(i.e., capable of video rate), adaptable in form factor and 
field of view, and cost-effective compared to many conven-
tional medical imaging techniques.

Fluorescence-guided surgery (FGS) is a nascent, opti-
cal technique that seeks to improve the recognition of ana-
tomical structures and disease processes through machine-
assisted, visual identification using fluorescent probes [2]. 
Information gleaned from fluorescence guidance ideally 
facilitates improved surgeon decision-making by enhancing 
delineation of important anatomic or physiologic processes 
that will ultimately improve patient outcomes. Clinical indi-
cations for FGS are far-reaching [2]. Examples include the 
assessment of corneal or vessel abnormalities in the eye 
(ophthalmology), assessment of vascular perfusion in free-
flap reconstruction (plastic surgery), and evaluation of blood 
flow and renal flow in the kidneys (urology) [3]. FGS offers 
clinical value in several types of surgical oncology, includ-
ing the treatment of ovarian, breast, and lung cancers, [4], 
and is nearing clinical translation for the treatment of gastro-
intestinal and head and neck cancers [5]. The most impactful 
FGS application to date is perhaps in neurosurgery, where 
oral administration of the fluorophore 5-aminolevulinic acid 
is known to provide high sensitivity, specificity, and posi-
tive predictive value for identifying malignant glioma tumor 
tissue [6].

While FGS applications have disseminated quickly to 
many surgical specialties, investigation and adoption in 
orthopaedic surgery have lagged [7]. The purpose of this 
review is to highlight early investigations into FGS applica-
tions in orthopaedic surgery and identify areas ripe for future 
exploration. To date, orthopaedic-specific FGS spans three 
general applications (Fig. 1): (1) infection management [8, 
9]; (2) perfusion-based assessment of tissue healing capacity 
[10, 11] and joint repairs [12, 13]; and (3) tissue identifica-
tion, most notably for connective-tissue cancer treatment 
[14–18] and nerve imaging to mitigate iatrogenic injuries 
during surgeries [19–22]. The following sections of this 
review are dedicated to each of these three broad clinical 
applications with specific examples from ongoing research 
at a tertiary care medical center. Finally, key challenges to 
translation and potential solutions are highlighted, includ-
ing new fluorophore evaluation and lead agent selection, 
tissue-simulating fluorescent phantoms, and fluorophore 
and imager evaluation.

Tissue Infection Management

Diagnostic Assessment of Soft Tissue Infection

The detection and treatment of infection is a priority of the 
World Molecular Imaging Society (WMIS) through the 

Imaging of Infections Interest Group [23]. To date, most 
research in this area is accomplished with nuclear imaging 
modalities (e.g., PET or SPECT) and functionalized radi-
otracers that preferentially bind to pathogens or therapeutic 
agents [24]. For example, in the context of orthopaedics, 
recent work by Gordon et al. demonstrated that drug deliv-
ery to orthopaedic implant-associated bone infections was 
lower than previously thought using dynamic PET imaging, 
suggesting higher doses are needed for efficacious treatment 
of implant infections [25]. Others have used fluorescence 
imaging to detect bacterial biofilms on implants, such as 
Schoenmakers et al., who recently conjugated an antibiotic 
to the near-infrared (NIR) fluorophore IRDye800CW, ena-
bling real-time detection and treatment of prosthetic joint 
infections [26]. The detection of soft tissue infections has 
historically relied on MRI, X-ray imaging, US, and nuclear 
imaging [27], but optical fluorescence imaging is an attrac-
tive alternative for non-ionizing, real-time, cost-effective 
detection.

Soft tissue infection imaging using fluorescence relies 
primarily on targeted agents [8, 9]. However, an alterna-
tive approach is to leverage vascular changes in the form 
of infection-induced thrombi in affected tissues [28] using 
perfusion-based fluorescence imaging. An exemplar appli-
cation is perfusion imaging for the detection and surgical 
debridement of necrotizing fasciitis (NF). NF is a type of 
rapidly progressing soft tissue infection with a cumulative 

Fig. 1   Overview of the three general applications of fluorescence 
guidance in orthopaedic surgery discussed in this review article: tis-
sue infection management, perfusion-based assessment of tissue heal-
ing capacity and joint repairs, and nerve and tumor tissue identifica-
tion.
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mortality rate of 34% [29, 30]. Clinical consensus guidelines 
on the evaluation and treatment of NF involve prompt surgi-
cal consultation—typically leading to emergent and aggres-
sive surgical debridement of affected tissues—and broad 
antibiotic treatment due to the possibility of polymicrobial 
etiology [31]. Current diagnostic methods have low speci-
ficity as patients often present with a nonspecific constella-
tion of symptoms [30, 32], and infected tissues often appear 
unremarkable (Fig. 2a). Widespread, superficial thrombo-
sis is a nearly universal finding on histological analysis of 
NF-affected tissues mediated via a pro-inflammatory effect 
on the microcirculation by causative bacteria [29, 33]. The 
field of FGS has largely focused on perfusion assessment 
using indocyanine green (ICG) [34]. Fluorescence imag-
ing using ICG allows for rapid and repeatable examinations 
of perfusion changes in real-time and is Food and Drug 
Administration (FDA)-approved with several commercial 
devices successfully and reliably used in different surgical 
subspecialties. A novel application of ICG-based perfusion 
imaging is its use as a diagnostic modality in patients with 
suspected NF to compare NF-affected tissues to unaffected 
tissues given the underlying vascular thrombosis.

Patients deemed clinically to be at risk of NF were 
given a weight-based dose of ICG (0.2 mg/kg), and flu-
orescence kinetic signatures were measured from suspi-
cious tissue regions and adjacent, normal-appearing tissues 
(NCT04839302). The institutional review board (IRB)-
approved protocol for this pilot study involved enrolling 
15 patients in total. Images were recorded using the SPY 
Elite imaging system (Stryker-Novadaq, Kalamazoo, MI) 

at video rate for 10 s prior to injection of ICG to establish 
a baseline. ICG was then administered intravenously, and 
the recording continued for four min. Patients were then 
taken to the operating room for debridement and confirmed 
as NF-positive or NF-negative based on histopathologic 
diagnosis of tissue specimens. Early data from this pilot 
study demonstrate that distinct ICG signal voids occur in 
NF-positive tissues (Fig. 2b). ICG kinetic profiles were 
parameterized to create four kinetic features: max inten-
sity (Imax), time-to-peak (TTP), ingress slope (IS), and 
egress slope (ES) (Fig. 2c). NF-positive tissues exhibit 
peak fluorescence intensities < 100 a.u. versus > 250 a.u. 
for NF-negative tissues (Fig. 2e). ES assesses the vascu-
lar dynamics of fluorescence wash-out over time. ES val-
ues of ~  − 1.5 were observed in NF-negative tissues ver-
sus ~  − 0.1 in NF-positive tissues (Fig. 2h).

Initial results demonstrate significantly lower fluores-
cence in tissues affected by NF compared with tissues 
unaffected by NF. NF-unaffected tissues appear to exhibit 
a hyperemic response. Vascular dynamics based on ES 
suggest slow wash-out due to venous congestion or leaki-
ness in NF-affected tissues. Results also suggest that ICG 
fluorescence imaging can be used as a diagnostic tool in 
management of NF. Future work may involve: (1) identi-
fication of ICG fluorescence-to-histopathology correlates 
in NF-affected tissues that indicate bacterial burden and 
delineate appropriate surgical debridement; (2) explora-
tion of additional fluorophores (e.g., fluorescein, which 
has an emission peak in the visible range) that could 
provide perfusion-based, direct visual guidance on the 

Fig. 2   Representative patient presenting with confirmed necrotizing 
fasciitis (NF) in the lower leg. a White light color image shows mini-
mal contrast to disease extent. b Wide-field ICG image at two-min 
post-injection reveals approximate extent of disease (yellow dashed 
line) with disease represented by ICG signal void; quantitative fluo-
rescence standard (QUEL Imaging, White River Junction, VT) is 
shown on left; regions of interest depict deep NF-affected tissue (red), 

near-boarder NF-affected tissue (blue), and unaffected tissue (yellow). 
c Time-resolved fluorescence kinetic curve parameterization yields 
four features: max intensity (Imax), time-to-peak (TTP), ingress 
slope (IS), and egress slope (ES). d Kinetic curves extracted from the 
three regions of interest defined in (B). e Imax parameter map. f TTP 
parameter map. g IS parameter map. h ES parameter map. Scale bar 
in a also applies to b, e–h. 
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surgical field; and (3) development of surgical imagers 
with real-time display of interpretive data on the surgical 
field (e.g., via a raster-scanning laser). Finally, the use of 
fluorescent signal kinetic signatures could extend beyond 
NF for the characterization of other types of soft tissue 
infections.

Tissue Perfusion and Tissue Healing Capacity 
Assessment

Meniscal Healing Capacity Assessment

Recent advancements in arthroscopic technology have 
created opportunities for minimally invasive assessment 
of soft tissue vascularity. Meniscal tears are one of the 
most common injuries to the knee with an incidence rate 
of 12–14% and pose significant long-term morbidity [35]. 
Treatment options range from non-operative, in the form 
of physical therapy or injections, to operative, involving 
resection or repair [36, 37]. Regardless of management 
options, a high percentage of patients develop post-trau-
matic arthritis [38].

Meniscal cartilage is unique in that approximately two-
thirds of it is hypovascular, with the outer, low-perfusion 
regions possessing minimal healing potential [39, 40]. 
Furthermore, the delineation of these vascular and hypo-
vascular regions is not defined visually, making the intra-
operative decision of resection versus repair difficult and 
subjective [41, 42]. Providing an objective measure of vas-
cularity would improve surgical decision-making, allowing 
for repair of meniscal tears when appropriate and indicat-
ing when partial meniscectomy is indicated. This would 
ultimately result in improved patient outcomes [37]. Sec-
ondarily, better decision-making for meniscal injury man-
agement could delay the onset of osteoarthritis and thereby 
decrease the demand for total knee arthroplasty [36].

This clinical problem prompted initiation of a pilot study 
to determine the efficacy of ICG-based fluorescence arthros-
copy in evaluating meniscal blood supply (NCT05072717). 
The IRB-approved protocol for the study involved enroll-
ing 30 patients in total. Eligible patients received a weight-
based dose of ICG (0.2 mg/kg) prior to image capture using 
a fluorescence arthroscope (Image1 S 4U Rubina OPAL 1, 
Karl Storz, Tuttlingen, Germany). Imaging was performed 
at video rate for 10 s prior to injection and for four min 
following injection. The surgeon then examined various 
structures of the knee for perfusion assessment including 
the meniscal tear, healthy portions of the meniscus, and 
the synovium of the knee. Adjacent structures, such as 
the anterior cruciate ligament and boney cartilage, were 
also examined. This work differed from perfusion stud-
ies in an open surgical field, because using a fluorescence 

arthroscope presented several unique challenges, including 
balancing arthroscopic pump pressure with the visualization 
of ICG, mobile position of the scope during agent wash-in 
and wash-out, and adjusting imaging acquisition settings 
to optimize fluorescence visualization. Preliminary results 
from this pilot study are promising with images demonstrat-
ing penetration of ICG into various intracapsular structures 
(Fig. 3). Figure 3a depicts ICG signal intensity within the 
microvasculature of a representative knee joint, demonstrat-
ing the potential for visualization of small caliber vessels 
with high resolution. Figure 3b depicts a second case where 
ICG clearly permeates from the hypervascular synovium 
through the meniscal capsular junction and into the red-red 
zone of the meniscus.

Additional study cases will allow for refinement and 
standardization of the imaging procedure. If proven suc-
cessful, this technology would allow orthopaedic surgeons 
to make decisions regarding resection versus repair based 
on objective data rather than conjecture. It is theorized 
that making data-driven decisions would also translate to 
improved patient outcomes, fewer repeat surgeries, and 
delayed progression of osteoarthritis secondary to menis-
cal loss. This ultimately could prolong longevity of native 
knees, decrease the case burden of severe osteoarthritis on 
our healthcare system, and decrease healthcare costs.

Shoulder Surgery

Shoulder arthroplasty is a common operation performed 
for glenohumeral joint arthritis with strong clinical 
success [43]. Of the four muscles comprising the rota-
tor cuff, the subscapularis is of particular concern in 
shoulder arthroplasty due the common use of an anterior 
surgical approach, which requires temporary removal—
“takedown”—of the subscapularis tendon insertion. Three 
common subscapularis takedown techniques exist with no 

Fig. 3   Two representative knee joints imaged using the Image1 S 
RU Rubina OPAL 1 arthroscope (Karl Storz, Tuttlingen, Germany). 
a ICG signal intensity enables high-contrast visualization of joint 
microvascular (white arrows). b ICG signal visualizes well-perfused 
synovial tissue and highlights regions of low and potentially jeopard-
ized perfusion corresponding to fluorescence signal voids. The 5-mm 
scale bar in a also applies to b. 
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academic consensus about which is superior [44]. These 
techniques are the following: (1) lesser tuberosity oste-
otomy; (2) subscapularis peel; and (3) subscapularis ten-
otomy. Each technique requires repair, which is crucial 
for proper shoulder force coupling to keep the humeral 
implant centered on the glenoid [45]. Due to the nega-
tive impact on patients with subscapularis failure, there 
is interest in identifying the takedown technique with the 
best outcomes.

We undertook a pilot study of patients undergoing 
shoulder arthroplasty via the deltopectoral approach to 
determine the feasibility of using dynamic, contrast-
enhanced fluorescence imaging to measure tendon perfusion 
(NCT05179941). The IRB-approved protocol for this study 
involved enrolling 10 patients total. Prior to fluorophore 
injection, video rate imaging was performed for 20 s for a 
baseline measurement using the SPY Elite imaging system. 
A weight-based dose of ICG (0.1 mg/kg) was then injected 
intravenously, and imaging continued for four min. The 
shoulder arthroplasty proceeded, utilizing a subscapularis 
peel or tenotomy, with repair following arthroplasty. Post-
repair fluorescence images were acquired and compared to 
initial images to evaluate tendon perfusion.

Preliminary results indicate pre-procedure peak fluores-
cence signals (mean ± one standard deviation of 119 ± 68 
a.u.) are significantly higher than post-procedure peak fluo-
rescence signals (58 ± 27 a.u.). The average percent change 
in peak signal intensity between pre- and post-procedure 
images was − 40 ± 40% (Fig. 4). Ongoing work involves 
correlating these data with clinical outcomes, particularly 
subscapularis failure.

Effect of Cable Cerclage on Femoral Bone Perfusion

Healing throughout the body is dependent on blood sup-
ply to provide adequate nutrients, oxygenation, and signal-
ing molecules to stimulate, direct, and maintain the healing 
response [46, 47]. Many studies show that increased disrup-
tion to the vascular supply of bone, whether from trauma 
itself or surgical technique, is a major factor in long-term 
complications. Maintaining sufficient blood supply is thus 
vitally important and is recognized as one of the four core 
tenants of the AO’s principles to management of fractures 
(Arbeitsgemeinschaft für Osteosynthesefragen, commonly 
referred to as AO, is German for “working group for bone 
fusion issues”) [48].

One common fixation strategy in orthopaedic surgery 
involves the use of cerclage wires or cables [49, 50]. While 
an effective tool, cerclage wires place a large force focused 
through a small surface area of bone, which can effec-
tively crush the periosteum against the cortex. The theory 
of “strangulation of blood supply” by cerclage wires has 
been previously investigated using various techniques from 
cadaveric models to live rabbits [51]. Karakoyun et al. uti-
lized scintigraphy to evaluate blood perfusion around the 
femoral cortex with and without cable cerclage in a rabbit 
model and showed significantly decreased blood flow after 
intervention [52].

Measuring blood flow to bone is nontrivial, usually 
relying on gestalt perception to sense what is considered 
“healthy bleeding bone” while in the operating room [11]. 
ICG-based perfusion imaging for assessing blood flow to 
bone has been translated from a porcine model into human 

Fig. 4   Preliminary data of shoulder arthroplasty tendon perfusion 
assessment in six patients using dynamic, contrast-enhanced ICG 
imaging. a The peak fluorescence intensity pre- and post-procedure 
for each of six study patients. b Distribution of fluorescence intensi-

ties extracted from a region of interest delineating the exposed sub-
scapularis tendon, before and after the procedure. c Mean region of 
interest fluorescence intensity curves for each patient during ICG 
wash-in and wash-out, before and after the procedure.
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patients in two large, federally funded clinical trials [53], 
and to date, has demonstrated reliable and reproducible data 
and efficacy.

We initiated a preclinical pilot study to evaluate the effect 
of femoral cerclage wires on femoral bone perfusion using a 
rabbit model. It was hypothesized that there would be a sig-
nificant decrease in flow to areas bounded by cerclage, which 
would worsen in the setting of more wires/less space between 
wires. Two perfusion imaging techniques were used in the 
study: (1) fluorescence imaging via peripheral injection of a 
weight-based dose of ICG (0.1 mg/kg/injection) with video 
rate imaging of the exposed femur using the SPY Elite system; 
and (2) as the gold-standard technique, a weight-based dose of 
fluorescent microspheres (1.5 × 106 beads/kg) followed by cry-
omicrotome imaging to create a three-dimensional perfusion 
map of the femur [54]. For the ICG imaging, baseline perfu-
sion was measured at video rate for 20 s prior to ICG injection 
and for six min post-injection. Two cerclage wires were passed 
around the femoral shaft, and imaging was repeated. Two addi-
tional cerclage wires were then placed between the first two 
for a total of four cerclage wires, and imaging was repeated 
a third time. The preclinical pilot study involved imaging 15 
rabbits total.

ICG fluorescence imaging provides quantitative infor-
mation about how much the cerclage wires decrease blood 
flow to the bone relative to baseline. Preclinical study data 
analysis is ongoing. If significant decreases in blood flow 
are measured, such findings will lead to future studies in 
this area and possibly changes in fracture management 
techniques and fixation devices to avoid circumferentially 
restricting periosteal blood supply, ultimately reducing the 
occurrence of long-term complications associated with the 
use of cerclage wires in orthopaedic surgery.

Tissue Identification

Connective Tissue Oncological Indications

In general, tissues scrutinized by orthopaedic surgeons 
arise from the middle germ layer, called the mesoderm. 
These mesoderm-derived tissues (i.e., bone, muscle, fat, 
and peripheral nerve) are broadly termed “connective tis-
sues,” and may give rise to benign and malignant neoplasms. 
Benign connective tissue neoplasms are considered indolent, 
intermediate, or aggressive; connective tissue-derived can-
cers are called sarcomas. Our team has explored fluores-
cence guidance for both benign connective-tissue tumors 
and sarcomas.

Most benign connective tissue tumors are indolent and 
require no intervention. Benign-aggressive bone tumors 
(e.g., giant cell tumor of bone, aneurysmal bone cyst, and 
chondroblastoma) will continue to grow and result in patient 

morbidity; these tumors require intervention. The most 
common complication following surgical management of 
benign-aggressive bone lesions is local tumor recurrence, 
attributed to incomplete tumor removal [55, 56]. To address 
local recurrence, we undertook a first-in-human trial of “sec-
ond window” ICG perfusion imaging using the SPY Elite 
system for benign-aggressive bone lesions requiring intral-
esional removal (NCT05075889). The protocol entailed sys-
temic administration of a weight-based dose of ICG (1.9 mg/
kg for adults aged ≥ 18 years; 0.5 mg/kg for individuals aged 
12–17 years) followed by surgical resection and snapshot 
imaging 24 h post-injection with the SPY Elite system. A 
total of 10 patients were enrolled in this IRB-approved trial. 
Early results indicate useful tumor-to-background contrast 
(Fig. 5). Additional benign neoplasms with a high rate of 
local recurrence for which FGS may prove valuable include 
atypical cartilaginous tumors, tenosynovial giant cell tumor, 
desmoid tumor (also called fibromatosis), osteoblastoma, 
and chondromyxoid fibroma.

Sarcomas are classified generally as bone or soft tissue 
sarcomas (STS). STSs are more than twice as common [57], 
are mostly resistant to chemotherapy, and show modest 
responses to radiation; complete surgical excision is there-
fore the mainstay of curative treatment. Surgical excision 
of sarcomas occurs ideally with a margin of normal, non-
cancerous tissue surrounding the tumor, termed a wide local 
excision (WLE). Current methods to evaluate WLE margins 
require several hours to days of pathological processing and 
analysis. Specimen margins are classified as “negative,” 
indicating no tumor present at the cut surfaces (i.e., a suc-
cessful WLE), or a “positive” margin, where tumor is pre-
sent on one or more surfaces of a resection (i.e., a failed 
WLE). Real-time knowledge of WLE margin status would 
be highly valuable to achieve a successful surgical outcome, 
but no technology is currently available for this purpose.

Fig. 5   Resected (i.e., ex  vivo) benign-aggressive bone lesion tis-
sue (white dashed line) exhibits increased ICG fluorescence relative 
to healthy resected tissues (white arrows). Quantitative fluorescence 
standard  is shown on the left (QUEL Imaging, White River Junction, 
VT). Surgery and imaging performed 24 h post-injection.
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Surgical management of sarcomas remains largely 
unchanged over the last three decades. Currently, sur-
geons rely on radiologic imaging, anatomical landmarks, 
and visual and tactile input to guide excision. These 
management techniques result in inconsistent margin 
thickness, with the unnecessary removal of vital tissues 
or incomplete cancer excision, both resulting in poorer 
patient outcomes. The largest series by Pisters et al., pub-
lished in 1996, found that positive margins occurred in 
23% of sarcoma surgeries, leading to cancer recurrence 
and reduced survival [58]; no improvements in outcomes 
have been reported since that time.

Our oncological FGS research has focused mainly on 
fluorescence-based methods of subsurface tumor detection 
and margin assessment using human bone and STS xeno-
grafts in rodent models. Murine sarcoma xenograft models 
have facilitated our preclinical study of targeted (i.e., ABY-
029, a NIR epidermal growth factor receptor-targeted probe 
[59]) and untargeted (i.e., ICG) fluorophores in human bone 
and STSs, demonstrating strong contrast in both STS and 
Ewing sarcoma. Heterogeneous staining of ABY-029 led us 
to attempt dual-agent staining with ICG administered 24 h 
before sarcoma removal in the “second window” imaging 
mode [60]. This evolution improved the overall contrast-to-
variance ratio compared to either reporter alone. Research 
with multiple fluorophores in the same channel is warranted 
to further improve tumor-to-background contrast ratios. Fur-
thermore, incorporation of multimodal imaging with LiDAR 
and conventional imaging-based navigation systems will 
likely improve overall accuracy.

Margin status is the ultimate determinant of local sarcoma 
management. Therefore, the use of NIR probes may be prob-
lematic given the deeper tissue penetration of longer optical 
wavelengths. We are now exploring additional fluorescence 
imaging of current probes using secondary excitation/emis-
sion spectra at lower (i.e., blue) optical wavelengths that 
would prevent deeper tissue penetration and focus imaging 
on specimen surface tissues. Combinations of multi-spectral 
imaging, LiDAR, imaging-based navigation, and high-res-
olution CT scanning could provide improved margin status 
reporting, thereby increasing complete tumor removal and 
improving patient outcomes.

Nerve Visualization

Iatrogenic injury is a common cause of surgical complica-
tions across all surgical specialties, accounting for nearly 
600,000 nerve injuries annually in the United States alone 
[61]. Nerve injuries can result in chronic pain and reduced 
or lost motor function and/or sensation. While capable sur-
geons can identify and protect nerves in a normal surgical 

field, patients involved in trauma and those with abnormal 
anatomy or prior surgery can make identification difficult. 
Laparoscopic surgeries, which rely on assumptions about 
normal anatomic planes rather than direct visualizations, are 
also at risk of iatrogenic injury [62]. With over 300 million 
surgeries being performed worldwide annually, the popula-
tion that could benefit from measures to identify and protect 
nerves is difficult to identify [63].

Eight classes of nerve- or brain-specific fluorophores 
have been discovered, all of which fluoresce at visible 
wavelengths and struggle with nonspecific tissue uptake 
[21]. Increased specificity is important to improve the clini-
cal effectiveness of any of these agents. Early preclinical 
trials involving synthetically modified, NIR, nerve-specific 
fluorophores have demonstrated improved specificity [21]. 
Additionally, imaging with a NIR (i.e., longer wavelength) 
fluorophore reduces the effect of light scattering, which 
helps to improve the locational specificity of nerves imaged 
at depths up to ~ 3 mm. (An example of one such syntheti-
cally modified, NIR, nerve-specific fluorophore is demon-
strated in Fig. 6.)

Future directions focus on identifying candidate fluo-
rophores to evaluate nerve health, diagnose nerve injury, 
classify structural manifestation and degree of injury, and 
determine likelihood of recovery. Being able to identify 
nerves that may have been damaged in less visible ways 
(e.g., stretched by a retractor, thermally damaged by hard-
ening bone cement, crushed in the process of tying off ves-
sels) would allow for more rapid and tangible repair or treat-
ment. Better visualization and identification with the use of 
a fluorescent contrast agent would likely improve surgical 
outcomes and reduce the incidence of iatrogenic injury, 
especially in laparoscopic or trauma surgery.

Challenges to Translation and Potential 
Solutions

New Fluorophore Evaluation and Lead Agent 
Selection

The early successes of FGS guarantee future investigation, 
assuredly expanding the field of candidate fluorophores 
undergoing preclinical and clinical evaluation. This will 
lead to a demand for fluorophores with increased specificity 
and convenience to facilitate broader use [64, 65]. In this 
section, we discuss general strategies for streamlining fluo-
rophore and imager development, with particular attention 
to resource-sensitive lead agent identification.

Achieving accurate, sensitive, and specific molecular-tar-
geted fluorophores is the ultimate goal of FGS, particularly 
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in surgical oncology where cancers are the target tissue [66]. 
One approach for creating fluorophores with a high degree 
of specificity is through creation of a library of derivatives 
from a known molecule which demonstrates a degree of 
desired specificity [21]. This library can then be tested to 
identify lead agents with the highest clinical promise. This, 
however, can be a daunting process, because fluorophore 
libraries may expand exponentially based on the number 
of molecular adjustments [67]. Several preclinical testing 
modalities exist to distill these libraries (e.g., assays, gel 
modeling, and animal models), yet they lack performance 
analysis in human tissue.

Fluorophore performance metrics include safety and fluo-
rescence contrast for the tissue or physiological phenomenon 
of interest. Often, fluorophore signal-to-background is the met-
ric of interest when evaluating a potential lead agent. However, 
advancing new reporters to human trials, even via the FDA’s 
phase 0/microdose pathway, requires significant resources and 
single-species pharmacokinetics and toxicity testing. Accurate 
lead agent selection for advancement to human trials is there-
fore of critical importance to avoid wasted time and capital 
resources [68]. Application of these agents to human tissue 
in a minimal risk environment could help to narrow the pool 
to a single agent and provide valuable data in the application 
process for FDA approval and for initial clinical trials.

In two ongoing, IRB-approved research studies, we use ex 
vivo human tissue that would otherwise be discarded for testing 
a preclinical nerve-specific fluorophore. In the first study, nerves 
and nerve-derived tumors are excised as part of standard-of-care 
treatment, and a nerve-specific, NIR fluorophore (a synthetic 
oxazine derivative known as LGW16-03, based on recent work 
by Wang et al. [21]) is topically applied. LGW16-03 is initially 
reconstituted to 1 mg/mL, and then 250 mL of fluorophore is 
diluted in 4750 mL of phosphate-buffered saline (PBS). Each 
tissue segment is then bathed for 5 min before three consecutive, 

30-s washes in PBS. Snapshot images are then taken with the 
SPY Elite system, and fluorescence contrast measurements are 
compared to preclinical studies. This approach facilitates imag-
ing of human nerve and nerve-derived tumors prior to in-human 
testing with no risk to patients beyond those associated with 
standard-of-care surgery. A total of 100 ex vivo specimens will 
be imaged in this study.

In the second study, LGW16-03 is administered to human 
tissues via systemic infusion. We obtain recently amputated 
human limbs and administer 10  mL of LGW16-03 via 
intraarterial perfusion after cannulating the dominant arte-
rial vessel. (Again, LGW16-03 is initially reconstituted to 
1 mg/mL, then 250 mL of fluorophore is diluted in 4750 mL 
of PBS prior to injection.) Perfusion is achieved via a car-
diac bypass rotary pump in an approach that is similar to a 
previous limb perfusion model [69]. After perfusion, snap-
shot images of the nerve are taken in vivo with a wide-field 
imager (Solaris, PerkinElmer, Waltham, MA) after 10 min 
of perfusion and 20 min of subsequent washout with saline. 
The nerve is then excised and imaged ex vivo using a closed-
field imager (Odyssey CLx, LI-COR Biosciences, Lincoln, 
NE). Both in vivo and ex vivo images show positive contrast 
between nerves and adjacent tissue (Fig. 6). A total of 10 
perfused limbs will be imaged in this study. Preliminary 
fluorescence measurements of the deep peroneal nerve in a 
human limb perfusion model yield an in vivo nerve-to-adi-
pose tissue intensity ratio of ~ 4.5 (Fig. 6a–b), and prelimi-
nary fluorescence measurements of the common peroneal 
nerve yield an ex vivo nerve-to-muscle tissue intensity ratio 
of ~ 7.5 (Fig. 6c).

There are limitations with this approach. First, amputa-
tions are relatively uncommon. Second, because normal 
human limbs are not amputated, most specimens have 
either chronic infection or vascular disease. Given the 
strong social benefits of organ procurement programs, in 

Fig. 6   Representative fluorescence images demonstrating positive 
contrast using the nerve-specific, NIR fluorophore LGW16-03 in a 
human limb perfusion model. a Fluorescence highlights in vivo deep 

peroneal nerve surrounded by adipose tissue; the intensity profile (red 
dashed line) is plotted in b. c Ex vivo tissues imaged highlight com-
mon peroneal nerve fluorescence relative to muscle tissue.
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the future there may be similar adoption of limb donation 
programs. Limb transplant programs are also increasing, 
indicating further need for evaluation of limb perfusion 
methods.

The use of human tissue in an ex vivo capacity is not 
novel; many studies involving transplant surgery currently 
make use of either discarded or nonviable human tissues 
[69–71]. Use of ex vivo human tissues provides an avenue to 
test and select lead agents in a safer and less expensive way 
than running several clinical trials with similar agents. For 
this study, only saline was used to perform systemic admin-
istration; however, future work could create a model which 
would fully sustain and perfuse a limb allowing for long-
term administration and testing of fluorescent agents. This 
model would not only allow for nerve-specific fluorophores 
to be tested but also vascular-, biomarker-, and pathology-
based imaging to be conducted by inducing specific environ-
ments within the limb. Research into improving the duration 
of limb viability already exists within the field of transplant 
surgery and provides the foundation to expand upon for the 
development of such a model [69].

Tissue‑Simulating Phantoms

Recent advances in imaging phantoms are paving the way 
for more quantitative fluorescence imaging techniques and 
inter-system characterization [72, 73], including fluores-
cent phantoms with tunable optical properties [74]. In 
addition to creating phantoms with specific fluorescence 
and optical properties, phantoms can be used as a test-
ing platform of controlled circumstances in orthopaedic 
surgery. Our work focused on the development of gelatin-
based, tissue-simulating phantoms [75]. These phantoms 
were composed of matrix, scattering, absorbing, and 
fluorescent materials, which were easily accessible and 
cost-effective [74, 76]. Various ratios of scattering and 
absorbing materials simulated optically different tissue 
types, such as muscle, adipose, and tumor tissues [77]. 
Molecules of specific interest were incorporated, such as 
fluorophores and contrast agents for CT and MRI [77, 78]. 
We subtly altered contrast agent concentrations in “tumor” 
inclusions and surrounding stroma. A trained surgeon then 
repeatedly resected the target inclusion based on differ-
ent types/combinations of contrast, thereby facilitating 
evaluation of different imaging modalities for surgical 
guidance. The phantoms were highly turbid such that any 
simulated structures within the phantom were concealed 
when viewed under white light (Fig. 7). Due to reproduc-
ibility and the controlled surgical environment created, the 
gelatin phantoms represent a state-of-the-art methodol-
ogy for comparing fluorescence imaging and conventional 
technologies for surgical navigation.

Fluorophore and Imager Evaluation—What Metrics 
Matter?

A key topic of discussion at recent international meetings 
has concerned the criteria by which new surgical guidance 
technologies are evaluated (e.g., American Association of 
Physicists in Medicine Task Group 311 [79, 80] and the 
WMIS Optical Surgical Navigation Interest Group [81, 
82]). Patient outcomes are clearly the gold standard for any 
novel clinical instrument. However, it has been suggested 
that this may be either too high a bar to clear or the wrong 
bar entirely. In some cases, FGS is not intended to change 
outcomes but to facilitate their realization more easily or 
quickly. For example, most surgeons will successfully iden-
tify the sciatic nerve during a revision hip replacement sur-
gery. This may be done by dissecting the nerve from invest-
ing scar tissue, or alternatively, could be done with guidance 
from a NIR, nerve-specific fluorophore. The first approach 
is time-consuming but also time-tested; the second approach 
would be effectively instantaneous. In this scenario, patient 
outcomes may not change significantly between these 
approaches, but the latter approach may increase surgeon 
confidence, reduce operation times, and provide cost savings 
for patients and the healthcare system.

The use of qualitative, provider-completed surveys has 
been posited as an alternative to clinical outcomes in eval-
uating surgical guidance technologies. While qualitative 
endpoints are often scorned as soft metrics, it is worth not-
ing that patient-reported outcome measures (PROMs) have 
become standard in evaluating patient outcomes in general 
[83]. In similar fashion, if surgeons are the end-users of 
a technology (i.e., a fluorophore and/or imaging system) 
and believe that it provides increased confidence in their 
recognition of anatomical structures and surgical decision-
making, these subjective conclusions should warrant similar 
attention to PROMs, even in the absence of statistically sig-
nificant differences in occurrence of rare and catastrophic 

Fig. 7   Gelatin-based, tissue-simulating phantom for assessing con-
ventional medical imaging (i.e., CT and MRI) and fluorescence 
imaging for surgical guidance. a White light image of a representa-
tive phantom. b Volumetric rendering of the same phantom showing 
tumor-simulating MRI contrast agent inclusion (red). Scale bar in a 
also applies to b. 
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events (e.g., sciatic nerve injury). Ultimately, the final gate-
keeper of technology adoption are tax and insurance payers. 
Clear evidence of patient benefit with new technologies and 
techniques is an effective impetus for translation. Whether 
payers will be swayed by surgeon-reported qualitative end-
points, however, is yet to be tested.

Conclusions

Despite rapid advancements in fluorescence guidance in 
several surgical fields, FGS applications in orthopaedic sur-
gery are lagging. This review focused on three broad areas 
in which FGS may meaningfully improve patient care in 
orthopaedics: infection management, assessment of the 
regenerative capacity of tissues, and tissue identification. 
Continued research in these areas is needed to achieve trans-
lation, with particular attention paid to rigorous evaluation 
of new fluorophores and potential lead agents, the use of 
tissue-simulating fluorescent phantoms, and the establish-
ment of meaningful metrics to evaluate new surgical guid-
ance technologies in orthopaedic surgery.
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