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Department of Physics, University of Pennsylvania, Philadelphia PA, USA

Abstract

Fluorescence-guided surgery (FGS) and other interventions are rapidly evolving as a class of
technologically-driven interventional approaches in which many surgical specialties visualize
fluorescent molecular tracers or biomarkers through associated cameras or oculars to guide clinical
decisions on pathological lesion detection and excision/ablation. The technology has been
commercialized for some specific applications, but also presents technical challenges unique to optical
imaging that could confound the utility of some interventional procedures where real-time decisions must
be made. Accordingly, the AAPM has initiated the publication of this Blue Paper of The Emerging
Technology Working Group (TETAWG) and the creation of a Task Group from the Therapy Physics
Committee within the Treatment Delivery Subcommittee. In describing the relevant issues, this
document outlines the key parameters, stakeholders, impacts and outcomes of clinical FGS technology
and its applications. The presentation is not intended to be conclusive, but rather to inform the field of
medical physics and stimulate the discussions needed in the field with respect to a seemingly low-risk
imaging technology that has high potential for significant therapeutic impact. This AAPM Task Group is

working toward consensus around guidelines and standards for advancing the field safely and effectively.

1. Description of Technology and Application

The technological and logistical implementation of Fluorescence Guided Surgery (FGS) has been
evolving for several decades, in parallel research and subspecialty clinical areas.' Just in the last few
years broadened clinical use has been established, accompanied and supported by growth in commercially
available imaging systems.”® The leading commercial enabling factor has been the availability of
Indocyanine green (ICG), an FDA-approved fluorescent dye,”'® for blood flow, tissue function and

perfusion imaging applications in surgery. Several laboratories and companies have demonstrated this
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. . . . . -13
also for use in various tissue functions and as a lymphatic tracer.'"”

At the same time FGS capability has
been integrated into robotic surgery, which provides a good fit with the use of display-based surgical
guidance in a laparoscopic geometry.'*'® Additionally, substantial investments and innovation have
occurred in the development of new fluorescent molecular tracers, which have the potential to generate

17-23

information beyond passive blood flow or diffusive/convective transport and uptake. "~ For instance,

therapy monitoring can be carried out intraoperatively using fluorescence imaging, such as during

242 .
2 or with

photodynamic therapy where photobleaching can be an indirect measure of dose delivery,
specially designed protein binding agents which report on receptor availability.”® With the dramatic
increase in the number of imaging devices (laparoscopes, endoscopes, wide field open surgical imaging
systems, surgical microscopes and retinal cameras) to guide interventional procedures or at various stages
of regulatory approval and clinical adoption, it is critical to define objective metrics for their assessment
of performance. FGS is one large subset of devices used for guidance, which could also include
microscopy systems such as optical coherence tomography, photoacoustic imaging, in-situ microscopy, or
more, however, the subject at focus here is macroscopic or wide-field imaging tools which is being
adopted by surgeons to view centimeters of tissue at a time. So, this review and discussion will revolve
around these latter tools and their utility in surgical and interventional work.

FGS opens opportunities for the use of state-of-the-art imaging in medical specialties that have
not traditionally used image guidance technology, such as wound care, battlefield medicine and in major
global health challenges where low-cost/hand-held fluorescence imaging could become the norm. As a
result, identifying systematic advices for the development and use of devices for FGS is timely for the
scientific, translational and clinical communities; hence the purpose of this blue paper. The systems
involve both biochemical optical agents administered to patients as well as the use of imaging systems
that create images of the distributions of these. There are several factors which dictate the performance

and successful use of this approach, which are outlined here and are to be worked on in an AAPM

sanctioned workgroup report.
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The expertise and knowledge required to develop and implement FGS are diverse, involving not
only medical physics and engineering but also biochemistry, pharmacology, medicinal chemistry,
materials science, imaging science, optical biophysics, and computer vision. The complexity is further
compounded by the wide range of surgical and medical sub-specialties in which these procedures are
being adopted.'"*” Accordingly, the agent and device combinations vary considerably. Figure 1 illustrates
the dual expertise base needed in both hardware design and performance (a) as well as optical probes and
pharmaceutical science (b). Even with these two obvious parts of system/procedure development and
approval, there is considerable nuance to making systems work optimally. Hence, this document will
focus largely on the technical issues that need consideration, as an introduction to the field, and the
specific implementations and applications will be discussed as branches of this main effort.

As listed in Table I, the key issues related to optical agents include things like: (i) their intended
use; (i1) their detection efficiency in each clinical setting; (iii) potential inaccuracies or artefacts during
either approved or off-label applications within the clinical workflow; and (iv) guidelines for use in
different standard-of-care settings.”®" Because of these issues, different systems can have dramatically
different performance based on factors such as the optical filtering, excitation light and field homogeneity,
the detector type and the dynamic range of the camera(s), as well as the performance achieved when
imaging different tissues and correction for biophysical effects such as spectrally-dependent light
attenuation by tissue and surface contours that can distort the images or make quantitation
challenging.’'”* Understanding these issues is critical to ensuring that, as new technological solutions are
introduced for FGS, the relevant regulatory bodies, developers and users are aware of these unique issues
and that clinical data generated by different imaging systems can be related to each other.

The areas of rapid development and potentially divergent specifications due to differing
applications occur along the lines of 1) device design, 2) optical agents, 3) tissue optics, 4) image
processing and display, 5) performance testing, and 6) guidelines, regulations and approval processes.

Each of these key areas is identified below. It is worth noting that several of the key enabling technology
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elements are themselves evolving rapidly, driven by advances in other fields, including photonics
(devices) and genomics/molecular biology (agents).

Each of these specific issues requires detailed expert consideration to put in place informative
guidance for developers, manufacturers (instrumentation and pharmaceutical), and operators to hasten

clinical realization and ensure optimum impact of FGS.

2. Predicted Clinical and Research Impact

FGS is scientifically, technologically, clinically complex, and so development and implementing
appropriate guidelines require multidisciplinary expertise, as well as a multi-step process for convergence
on consensus goals. This field of medical intervention has aspects of radiation therapy, interventional
radiology and surgery combined. The potential clinical benefits are substantial to create better tools that
will allow surgeons to make conclusively accurate decisions while in the setting of their procedure. Some
of the interventional procedures can be transformative for identifying structural, functional and
biomarker-related features such as blood flow, vessel patterns, secretory ducts, nerves, lymph ducts &
nodes, excretory function, cancer extent and biomarker expression, pathogen detection and identification,
as well as retinal diseases. Interventional procedures based upon molecular expression have considerable
potential to become a reality in the coming years and could become central themes in personalized
medicine with custom targeted agents based upon the molecular profile of the pathology targeted in the
procedure. This is much longer term, but is in clinical trial work now, and each agent requires uniquely
designed devices for the optical probe spectra and concentration expected in a given anatomic location.

Currently, system costs and market penetration are changing rapidly, with the wide range of uses,
such as intraoperative workstations, monitoring devices, systems for registration with other imaging tools,
and remote telemedicine applications. Transformative systems such as the da Vinci® robot (Intuitive
Surgical, Inc.) and neurosurgical guidance systems have incorporated fluorescence channels and are
changing the paradigm of how surgery is performed.'*'® This evolution will likely continue; however,

evidence of clinical success in applying molecular-specific probes in human procedures will be essential
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for the approach to have maximum impact in healthcare. Nevertheless, several untargeted fluorescent
agents are already in clinical use (ICG, fluorescein), as is aminolevulinic acid (ALA) which induces
endogenous production of Protoporphyrin IX (PpIX) in cancer and pre-cancer tissues with a degree of
molecular specificity across a spectrum of different cancers (skin, bladder, lung, brain, etc.).”*>® A range
of both visible as well as near-infrared probes are being developed and tested in clinical trials. Their use
can be quite different, with visible dyes sometimes utilized by direct visualization of the emission. Often,
both types of probes are visualized with electronic imaging and enhanced/augmented display features.
While the focus of this study is intentionally around the technological aspects of the imaging
systems, this must be done with appreciation of the optical probes that the systems are to be paired with.
The evolution of optical probes is likely be significantly slower than the evolution of optical imaging
systems, as can be seen today with indocyanine green, where with just the one agent, there are nearly a
dozen commercial imaging systems cleared for imaging it. Since the injected optical agents are in more
intimate biological contact than the imaging systems, their approvals will be slower and based around the
toxicity/benefit of the procedure planned. It is very likely that many more hardware systems will be
developed for each agent approved in the coming years. However, it is this fact that makes the

standardization and guidelines around optical systems even more relevant.

3. Impact on the Vested Professionals

Optical procedures are already ubiquitous in medicine, through the use of many different
diagnostic and therapeutic systems, from simple pulse oximeters to endoscopes, a multiplicity of
ophthalmological and dermatological systems, to complex multimodal operating microscopes and
laparoscopes as well as medical lasers. Fluorescence-based imaging has had less penetrance to date but is
of increasing use, not only by clinical specialists who are familiar with optical technologies but also
surgical sub-specialties where integration of optical techniques with new technologies is changing
practice. ICG-based fluorescence imaging already has important applications in cardiology, hepatology

and ophthalmology and is becoming more widely used in surgical oncology procedures. Isosulphan blue
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imaging is used widely in oncologic surgery for lymph node detection, while ALA-PpIX fluorescence
imaging is used in neurosurgery, therapeutic endoscopy and dermatology.

Little discussion of the role of technically-trained experts in FGS has occurred to date, in part
because the development has been largely industry driven and serviced. The current industry-driven
approach follows the endoscopy/laparoscopy model where physical specialists are the users and provide
medical guidance, but the producing companies provide most of the technical direction and maintenance.
However, as the paradigm of molecular agent-device combinations becomes more of a reality, it will
become more important to involve multidisciplinary expertise that is not traditionally found in
“instrument” companies. At the same time, optical physicists and engineers have traditionally been found
in academic bioengineering departments and a few large research institutions, rather than in the clinical
activity of hospitals. On the research side, biomedical optics has emerged over the past 20 years largely in
the context of the development of photonics, which is a large and diverse field, rather than in the context
of traditional medical physics, and has its own professional bodies (journals and conferences) that are
separate from medical physics as represented by organizations like AAPM. It may be easier to integrate
these highly specialized disciplines in hospitals where medical physics and biomedical engineering
divisions are combined, which is more common in the European than North American settings. Nuclear
medicine, where radiochemists and medical physicists collaborate, is another example of the type of joint
expertise that will be required to implement and support optical instrumentation and optical agents.
However, the need for expertise at the confluence of devices, agents, tissue optics, image display,

performance testing and regulatory requirements is growing.

4. Regulatory Ramifications: Safety and Essential Performance

Existing standards designed to facilitate evaluation of safety and effectiveness are largely self-
produced by each company and approved through their own manufacturing controls processes. These may
or may not be part of their regulatory clearance or approval, or best practices for use — and so may not be

sufficient given that there is no higher oversight or professional guidance beyond the industry and their
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safety approvals. Yet the creation of FGS-specific standards has not occurred to any significant extent.
Lack of standardization of fluorescence imaging systems will lead to unreliable clinical results as well as
impact the design and magnitude of clinical and animal studies required to demonstrate efficacy.
Furthermore, the current research paradigm where comparisons between imaging systems are rarely
performed and performance results provided in different studies are not readily comparable, is detrimental
to technological progress. Examples of the type of tests required to rigorously assess the performance of
a fluorescence imaging system are shown in Figure 2(a), which include well established characteristics
such as spatial resolution and contrast resolution, but also some less conventional factors such as albedo,
tissue optical factors, scatter from the tissue and depth dependence of the signal. In most cases,
corrections for these responses are not included, but the signal response to these tissue optical effects is
important. This lack of standardization will become increasingly problematic as FGS continues to expand,
mature and penetrate clinical practice.

Development of standards, however, will be particularly challenging, given that the specifications
and performance of fluorescence imaging instruments vary widely and are much more diverse than
traditional radiological imaging systems. Furthermore, the potential contrast agents are also chemically
and biologically diverse, and potential photochemical damage mechanisms are not well characterized and
quantified. Thus, additional research may be needed before standard safety evaluation methods can be
identified/developed, and standards may be limited to indicating key performance characteristics and
suggesting test methods rather than highly proscriptive, quantitative guidelines and thresholds. Use of
standards as part of the premarket regulatory process is a topic of considerable interest, which again
depending upon the application, will be important to guide accurate real time clinical decision making.

The range of tissue variables and FGS-specific effects that influence clinical performance will
likely need to be addressed to some degree in the regulatory process. For example, reliable and accurate
quantification of tracer amounts from fluorescent imaging requires accurate correction for the types of
effects shown in Figure 2(a).”””* As a result, procedures using FGS systems or methods, in which

appropriate accommodation for tissue optical effects are not implemented, could have mixed results, from
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inconsistent usage or incorrect interpretation of the resulting images. This is an area of high importance
for consensus discussion, where the field of FGS needs better evidenced-based standardization and
calibration metrics and processes.

As illustrated in Figure 2(b), regulation of FGS by the FDA in the United States or via the CE
marking process in Europe, covers clinical evaluation studies and marketing of clinical imaging devices
used with contrast agents. FGS systems have been going through the 510(k) clearance process in the US
as a Class II device (medium but significant risk), but some parts or additions to a system could be found
to be Class I (minimal potential for harm), depending upon the exact procedure targeted and the level of
involvement that the device/agent has in the procedure. The regulatory process focuses on establishment
of product safety and effectiveness, which can encompass a wide variety of issues, including preclinical
safety and performance testing, biocompatibility, validation and verification of computational models,
clinical trial design, biostatistics, software, human factors, and quality assurance procedures. FGS falls
under the category of “combination products” since it involves the combined use of a device and a drug,
and is thus covered by a unique set of regulations. It is likely that future combination systems would
make use of existing molecular agent approvals or device approvals, such that the introduction of a new
device or a new agent is made easier through only changing one of the two components. A good example
of this was the recent, June 2017, FDA approval of 5-aminolevulinic acid HCL (5-ALA).” The agent
was indicated for use as an adjunct for the visualization of malignant tissue during surgery in patients
with glioma tumors.*** Agent approval was not tied to a specific imaging system, but rather for use with
surgical operating microscopes having exposure and spectral characteristics as specified in the drug
labeling [NDA 208630 Labeling]. Currently, approvals are based upon the integrated package of the
device and the diagnostic compound performance, and will be treated as a new clearance or approval,
sometimes separately and sometimes as a combination depending upon the risk/benefits of the system and
agent. However, regulatory policy on combination products is evolving, particularly with the recent

passing of laws such as the 21* Century Cures Act and the FDA Reauthorization Act (Section 706) which
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mandate changes in procedures that may lead to more streamlined processes for individualized clearance
of agents and devices.

Objective, quantitative test methods to evaluate essential performance characteristics can
facilitate device development and regulatory assessment, especially if FDA recognizes a consensus
standard to enable consistent measurements during clinical use and provide quality control during
manufacturing. As with established imaging modalities (e.g. US, CT, MRI), biologically-relevant
phantoms designed and validated for determination of critical figures of merit will likely play key roles.
The AAPM has had a major role in establishment of these phantoms and guidelines in radiological
procedures, to ensure system performance and patient safety, and should ideally use this expertise to
expand into FGS where similar challenges and goals are present. Standards that address potential FGS
safety issues have the potential to reduce the burden of animal and clinical testing. Novel safety issues
may include drug-device phototoxicity for novel fluorescence agents or established agents used at higher
agent or light doses, additive photo-thermal effects of exogenous chromophores, and photothermal effects
of light on organs and tissues. The parallel roles of professional society guidance, standards and

governance are illustrated in Figure 2(b), as part of the technological development process.

5. Unique Educational/Curriculum Requirements

Education appears to occur within the physician sub-specialties where the procedures are
performed, and little interaction with medical physics or biomedical engineering expertise takes place,
except in major research centers. Procedure-based education is largely supplied by vendors today with
the early adopting practices, and knowledge and standards are appropriately shared between physicians as
part of their peer-to-peer or vendor-to-peer education approaches. However, given the growth of
procedures and associated devices, compounded by the large research growth in molecular FGS systems
and agents, and divergent areas of use, there is a need to augment vendor-user training with in-hospital
expertise, especially in applications where the complexity of use can induce potential liability or

ineffective procedures. A major limitation to this development is the lack of a clear professional
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organization which bridges the gap between the scientific and clinical use of FGS. The AAPM is one
society which has expertise to help establish an educational, best-practices and standardization framework
for FGS, and can work with adopting physicians to improve appropriate planning a quality audit.

In order to ensure success of this initiative, the AAPM would be required to reach out to clinical
organizations beyond radiation therapy, radiology and nuclear medicine. These radiation focused
specialties/departments are the ones to which it has primarily engaged to date yet outreach to surgery
specialties as well as scientific/technical/molecular organizations in biophotonics/biomedical optics will
be required for this initiative, since these are where the core enabling expertise resides. One parallel
society addressing similar issues with a more biochemical or biological focus is the World Molecular
Imaging Society, which has developed an Optical Navigation Surgical Interest Group (OSN-IG). Other
parallel surgical societies are the International Society for Computer Aided Surgery and parallel interest
groups or societies in sub-specialties such as neurosurgery and orthopedics. As systems and procedures
become established, the flow of educational information flow will be critical between relevant individual
research groups, professional societies, funding agencies and regulatory/standards bodies involved in the
procedures. The technical expertise base and history of the AAPM taking a lead role in via work group
reports makes this body the most likely to forge a successful plan for establishing expert guidance in this

complex and changing technological area of medicine.

6. Conclusions

This blue paper outlines a skeleton of the clinical, scientific, technical and organizational issues
associated with FGS in the broad areas of device design, optical tracers, tissue optics, image processing
and display, performance analysis, standards, and regulatory issues, as listed in Table 1. Each technical
domain involves one or more specific challenges that require the attention of the membership of the
AAPM to help analyze problem areas and guide best clinical practices. The current guidance in this field
is driven by government regulatory clearances around existing indications and growth is industry driven,

with training being peer-to-peer or industry-to-user, without significant professional society guidance but
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with an approach driven by local best practice principles. Technical societies such as the AAPM have a

role to fill in helping ensure that standards are established and met, and the future interventional

procedures continue to be done with safe, effective systems. It is hoped that this brief Blue Paper will

provide a start to development of a deeper informed discussions that create a working document with

guidance on the development, commercialization, and safe/effective application of FGS systems, which is

in process within an AAPM sanctioned Task Group on this topic.
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Figure & Table Captions

Table I. The six categories of concern are listed in columns, with examples of sub-categories listed in rows. Each
of these are topics to be discussed in a Work Group on FGS approved by the AAPM.

Figure 1. The hardware components of a generic system are illustrated (a) to show the complexity of choices in
lenses, filters, coupling, spectrum, readout and processing. The probe molecules and pharmaceutical medicine of
their delivery are illustrated (b) to illustrate the range of molecules used and the complexity of the pharmacokinetics
which can be observed.

Figure 2. The range of issues for testing are illustrated in (a) including albedo, tissue optical property performance,
depth sensitivity, as well as the traditional issues of spatial and contrast resolution with field homogeneity. The
relevant stages of development are listed in (b) along with the needed professional society guidance, systems

standards bodies, and government regulatory bodies.
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Table 1: The six categories of concern are listed in columns, with examples of sub-categories listed in rows. Each
of these are topics to be discussed in a Work Group on FGS approved by the AAPM.

Device design Optical Agents  Tissue Optics Image Process  Performance Guidelines &
& Display Testing Regulations
Ilumination Pharm/toxicity Absorption/scatter ~ Post processing Trial role Self-developed
effects goals
Optical filtering Class of agent Tissue layer Display used Performance Consensus study
effects characteristics goals
Imaging system Light interactions ~ Background Image fusion & Phantom testing Professional
signals registration & needs society guidance
Electronics Specificity to Model-based Signal Standards Standards
disease interpretation interpretation approvals
System Timing & Training Certifications,
integration biological effects
Approval,
clearance
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Basic Prototype \\Pre-marke
Research & Validate Trials

Professional Society Guidance
AAPM, ACR, SPIE, ASGE, etc.

Consensus Standards
ISO, IEC, ANSI, AAMI, NEMA,
CLSI, BSI (input from NIST, PTB, FDA, etc.)
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