
UCLA
UCLA Electronic Theses and Dissertations

Title
Clinical Translation of Dynamic Optical Contrast Imaging for Label-Free Tissue Identification 
and Surgical Navigation in Head and Neck Oncology

Permalink
https://escholarship.org/uc/item/6g15241t

Author
Pellionisz, Peter

Publication Date
2020
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6g15241t
https://escholarship.org
http://www.cdlib.org/


 

 

 
 

 
UNIVERSITY OF CALIFORNIA 

Los Angeles 

 

 

 

Clinical Translation of Dynamic Optical Contrast Imaging for Label-Free Tissue 

Identification and Surgical Navigation in Head and Neck Oncology 

 

 

 

 

 

A dissertation submitted in partial satisfaction 

 of the requirements for the degree  

Doctor of Philosophy in Bioengineering 

 

by 

 

Peter Pellionisz 

 

 

 

2020  



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© Copyright by 

Peter Pellionisz 

2020



ii 

 

ABSTRACT OF THE DISSERTATION 

 

Clinical Translation of Dynamic Optical Contrast Imaging for Label-Free Tissue 

Identification and Surgical Navigation in Head and Neck Oncology 

 

by 

 

Peter Pellionisz 

 

Doctor of Philosophy in Biomedical Engineering 

University of California, Los Angeles, 2020 

Professor Maie A. St. John, Co-Chair 

Professor Michael A. Teitell, Co-Chair 

 

There exists a pressing medical need for non-invasive optical tools to help surgeons 

intraoperatively identify tissue and determine precise tumor margins. The primary curative 

treatment for Head and Neck Cancer often includes complete surgical resection of the tumor, 

which may lead to severe loss of function, disfigurement, and poor quality of life for these patients. 

The goal of this dissertation is to form the foundation for successful clinical translation of Dynamic 

Optical Contrast Imaging (DOCI) as a label-free technique that can produce contrast from relative 

measurement of time-resolved tissue autofluorescence. The tool generates contrast through 

relative measurements of autofluorescence decay (lifetime) from tissue and thus does not require 

dye or injection of contrast agents. Furthermore, as opposed to intensity based approaches, these 



iii 

 

measurements depend on the intrinsic properties of tissue and provide a robust signal insensitive 

to inhomogeneous illumination and irregular tissue contours.  

 

 
Results include the first clinical use of DOCI to produce relative lifetime tissue maps at an 

unprecedented six-by-six cm field of view revealing unique spectral features for individual states 

of disease before tissue biopsy. Through pilot study, a new clinical application for Mohs 

micrographic surgery is presented. Clinical obstacles were addressed and a new system was 

tested with ex vivo specimens and validated with histopathology. An improved method for imaging 

is presented enabling up to a 40% increase in signal-to-noise and a 100% increase in system 

dynamic range. In addition, a method and system is presented for spectral control of 

intraoperative illumination that may circumvent the need to turn off the lights during optical 

imaging. Finally, system measurements were validated and standardized with two-photon 

microscopy and reference dye for future multi-site clinical trial.  

 

Although currently DOCI values are only an approximation to the complex nature of heterogenous 

fluorescence lifetime decay, the method permits generation of meaningful contrast between 

neoplastic and surrounding normal tissue that may aid clinicians and lead to improved patient 

outcomes. The results regarding clinical performance of Dynamic Optical Contrast Imaging should 

be considered as preliminary and not be used for medical diagnosis or treatment before 

appropriate regulatory and medical approval. 
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 INTRODUCTION 

1.1 Goal 

The long-term goal of academic medical research is the clinical translation of scientific 

discoveries(1). This thesis concerns the clinical translation of dynamic optical contrast imaging 

method and system for label-free tissue identification and surgical navigation in head and neck 

oncology.  

1.2 Motivation 

Improvements in the differentiation between tumor and surrounding normal tissue would 

represent a considerable advancement towards improving clinical decision making (i.e. biopsy 

selection), and thus decrease the amount of invasive biopsies performed. Extending into the 

operating room, surgeons rely on their natural senses of sight and physical touch to localize the 

contours of a tumor followed by limited frozen section biopsy to establish “clean margins” (2–4). 

Consequently, the determination of tumor margins by palpation and visual inspection has led to 

recurrence rates of 25-50% (5,6). These challenges substantiate both a clinical need for improved 

screening and a related surgical need for intraoperative guidance. 

1.3 Aims 

Hypothesis: Dynamic optical contrast imaging reveals statistically significant and pathology-

specific image contrast, at surgically relevant fields of view, in near real-time, and without dye or 

exogenous labels in vivo. 

 

Aim 1: Generate evidence of in vivo clinical utility and application of DOCI to produce statistically 

significant contrast without dye or labels and at surgically relevant field of view.  
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1.1 Acquire DOCI and visual images of patients (N = 62) undergoing surgery for HNC and oral 

biopsies in clinic. 

1.2 Demarcate and annotate suspect areas identified with DOCI and visual inspection. 

1.3 Analyze DOCI images for statistically significant contrast and unique relative lifetime 

features in ROIs corresponding to histologically distinct tissue regions.  

 

Aim 2: Identify and mitigate clinical obstacles by optimizing system and methods for larger, multi-

site clinical trial. 

 

2.1 Identify obstacles to clinical use of the system. then optimize system and method and 

verify with ex-vivo SCC specimens.  

2.2 Validate measurements against both reference fluorescent dye and state-of-the-art multi-

million dollar commercial two-photon fluorescent lifetime imaging system.   

1.4 Overview Of Chapters 

Th material comprising this dissertation have been divided into 9 Chapters with supplementary 

figures located in Appendix A. CHAPTER 1 presents the motivation and aims. CHAPTER 2 

reviews relevant background concerning the medical need, the latest tools for label-free imaging 

at high resolution, the engineering background for fluorescence and autofluorescence imaging, 

and the technical basis and clinical applications of fluorescence lifetime imaging. CHAPTER 3 

presents the technique of Dynamic Optical Contrast Imaging. CHAPTER 4 details the first clinical 

trial of the DOCI system. CHAPTER 5, the optimization of the system and testing with ex vivo 

HNSCC specimens. CHAPTER 6 presents results from validation with ex vivo parathyroid tissue, 

as well as standardization with both reference dye and a commercial two-photon microscope. 
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Two new methods improving the imaging technique are described in CHAPTER 7 and CHAPTER 

8. Finally, the conclusions and future directions are found in CHAPTER 9. This work was made 

possible by the collaborative efforts of the departments of Head and Neck Surgery and 

Bioengineering at the University of California at Los Angeles. 
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 BACKGROUND 

2.1 Head And Neck Squamous Cell Carcinoma And Radical 
Resection 

2.1.1 Introduction 

Surgical resection remains the mainstay of curative treatment for many, if not most, cancers of 

the head and neck (7,8). A key challenge that continues to burden oncologic surgeons is 

adequately distinguishing tumor boundaries from adjacent normal tissues, and consequently, 

obtaining tumor-free margins. Not surprisingly, the key question on most patients’ minds is, “how 

do you know if you have removed it all?” The answer thus far has usually been some form of “we 

cannot be sure,” due to the absence of a test or scan that can reliably confirm negative margins 

with 100% accuracy. What has been demonstrated with significant certainty is that residual tumor 

tissue left behind after oncologic surgery (i.e. positive margins) leads to recurrent disease and 

adversely affects patient prognosis and clinical outcomes (9,10). Negative margins are paramount 

in order to maximize survival, reduce recurrences, and improve the quality of life for patients 

undergoing oncologic surgery, Head and neck squamous cell carcinomas (HNSCC) have some 

of the highest rates of disease recurrence and lowest survival rates of salvage surgery (15-20%). 

These challenges substantiate both a clinical need for improved screening and a related surgical 

need for intraoperative guidance (11–13). 

2.1.2 Oral Cancer Background 

A significant clinical need in head and neck oncology exists regarding effective early diagnosis 

and treatment of oral cancer. Oral Cancer is the sixth most common cancer worldwide and the 

prognosis for patients with OSCC is largely determined by the stage of disease at clinical 

presentation (14–17). Patients diagnosed with advanced OSCC have shorter survival times (5-

year mortality, 85%, 75%, 47%, and 35% among patients diagnosed as having distant, regional, 
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local, and in situ cancer, respectively) and are more expensive to treat, with the average cost for 

treating an advanced oral cancer often exceeding $200,000 (18–20). Importantly, the primary 

management of OSCC relies on the complete surgical resection of the tumor and these surgeries 

often lead to severe loss of function, disfigurement, and poor quality of life (Figure 2-1). Despite 

medical advances in the management of OSCC, the global incidence, morbidity, and mortality 

associated with this disease remain relatively unchanged in the past three decades (20–23). One 

of the major factors accounting for these dismal reports is that over 60% of OSCC cases are 

detected at a late stage (III or IV), when diagnostic evaluation, treatment, and management of 

complications and recurrences are often lengthy, complex, and burdened by poor outcomes (22–

Figure 2-1: Head and neck cancers can distort the face and affect basic abilities to eat, 
drink, and swallow. 

John Bent; An engineer and inventor, had half of his left mandible surgically removed due to 
complications associated with radiation therapy for OSCC. The other half of his mandible was 
removed soon afterwards. Today, a scholarship exists in his name at the Department of 
Biomedical Engineering at UCLA for the development of powered surgical instruments. 
Permission granted from the Bent family. 
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24). The primary prevention of the disease involves reducing exposure to tobacco, alcohol, betel 

nuts, and likely protecting against HPV infection through immunization (25–27).  

2.1.3 Aim Of Screening And Treatment 

Screening is a secondary prevention with the aim of early detection when the disease is more 

amenable to treatment. The prognostic implications of diagnosis and treatment of early intra-

epithelial stages of OSCC carcinogenesis have already shown to be highly significant due to the 

high survival rates (~80%) of patients diagnosed with early stage OSCC (28). Thus, the early 

screening of oral lesions and identification of pre-cancerous change has the potential to minimize 

the progression of these lesions to frank carcinoma. Improvements in early detection would allow 

for timely lesion excision in order to maximize patient survival while minimizing patient impairment 

and deformity. 

 

Notably, screening (i.e., detection) and case-finding (i.e., diagnosis) have been mistakenly used 

interchangeably in epidemiological studies designed to detect pre-cancerous oral lesions in the 

patient population (29). Screening should always be evaluated with respect to sensitivity, 

specificity, and predictive values. Such analysis requires that the test outcome from a sample of 

subjects be compared to the results of an appropriate gold standard (i.e. diagnosis as confirmed 

by histology of the biopsy) on the same population (29).  

 

The sensitivity of biopsy of lesions that appear higher risk is uncharacterized, as false negative 

rates (the probability of missing a lesion) cannot be determined unless the entire anatomic site 

(e.g. entire tongue) is submitted for histologic sectioning following tissue biopsy informed by 

clinical indication (30–32). Similarly, current specificity rates are unknown, as true negative rates 

(probability of correct rejection) are not accurately tested and false positive rates (probability of 

false presence) are not always tabulated at the time of biopsy. For this reason, the reported 
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sensitivity and specificity of the following OSCC screening techniques vary significantly and may 

not easily be compared. 

 

Once detected, OSCC is treated with surgical removal of the tumor, radiation therapy, or a 

combination of both. To maximize treatment efficacy, the tumor must be removed in its entirety. 

If residual tumor is suspected due to positive margins, bone invasion or lymph node involvement, 

adjuvant radiotherapy is often also performed.  

 

In addition to maximizing the benefits of surgery by removing as much of the tumor as possible, 

it is also important to minimize harm and avoid disfiguring the patient. This is particularly 

significant because primary surgical treatment of OSCC, while associated with good survival 

outcomes (especially in the early stages), may still cause significant functional disability (e.g., 

impairments in speech, swallowing, and taste deficits) which can be detrimental to the patient’s 

quality of life (33,34). In order to minimize the symptoms of these side effects and monitor for 

cancer recurrence, it is important that patients are followed-up consistently post-surgery to screen 

for recurrent disease. The frequencies of these follow-ups are greatest (once every 1-3 months) 

during the first few years post-surgery (35), since 80-90% of tumor recurrences occur during the 

first 2-4 years post-treatment (35–37); after five years of disease-free survival, surveillance 

frequency can be reduced to once every year. 

 

One of the most important features to evaluate in these follow-ups is the presence of new, 

abnormal masses. Palpation and examination on physical exam, along with certain symptoms 

from the patient history (such as hoarseness, dysphagia, otitis media, etc.), can indicate the 

presence of a mass; however, endoscopy and imaging are generally the two most common 

methods for the initial detection of tumor recurrence (38). Since laryngoscopy is quick and 

minimally invasive, it is indicated in most patients for the monitoring of potential tumor 
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recurrences. Imaging is indicated at least once in the first six months to establish a post-treatment 

“baseline” reference point; beyond this, imaging should be performed every 3-12 months for the 

first 2-3 years (35). PET/CT is the preferred imaging modality for tumor recurrence monitoring 

due to its high sensitivity (39); however, due to the potential harmful effects of radiation due to 

CT, imaging frequency should be limited, especially in younger patients. As with the initial cancer 

diagnosis, any lesions or masses detected via physical exam, endoscopy or imaging must be 

biopsied to confirm the diagnosis of recurrence.  

2.1.4 Current Standard Of Oral Cancer Screening 

The existing standard of OSCC screening is conventional oral examination (COE) that can be 

followed by biopsy (9). The clinician is limited in the visual identification of precancerous and 

early-stage OSCC lesions with COE due to the difficulty of differentiating harmful from similar 

appearing benign lesions. Due to the lack of a definitive protocol for oral cancer screening, many 

physicians frequently do not screen for oral cancer; a survey in 2002 found that less than 15% of 

primary care physicians screened for oral cancer during the initial patient visit (40). Infrequent 

screenings can be problematic, because pre-cancerous oral lesions are often asymptomatic, vary 

greatly in their clinical appearance, and often lack clinical characteristics and biomarkers 

associated with advanced OSCC (i.e., ulceration, induration, and bleeding) (41–43). 

Improvements in the differentiation between tumor and surrounding normal tissue would 

represent a considerable advancement towards improving clinical decision making (i.e. biopsy 

selection), and thus decrease the amount of invasive biopsies performed. 
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Extending into the operating room, surgeons rely on their natural senses of sight and physical 

touch to localize the contours of a tumor followed by limited frozen section biopsy to establish 

“clean margins” (2–4). Consequently, the determination of tumor margins by palpation and visual 

inspection has led to recurrence rates of 25-50% (5,6). These challenges substantiate both a 

clinical need for improved screening and a related surgical need for intraoperative guidance to 

localize tumor margins. 

2.1.5 Current Standard Of Surgical Margin Assessment 

Preoperative imaging techniques (e.g., X-ray, magnetic resonance imaging (MRI), computed 

tomography (CT), and positron emissions tomography (PET)) have left a meaningful impact on 

cancer patient care by facilitating early detection, accurate staging, and preoperative planning 

and treatment (44–47). For the surgeon, however, a major challenge remains clinically translating 

these images to the operating theater since conventional imaging modalities are neither real-time 

nor tumor-specific. Additionally, high costs, complex infrastructures, and inaccessibility to surgical 

fields of view (FOV) are all major drawbacks to their intraoperative surgical use (45,48). 

Figure 2-2: Conventional oral examination for head and neck cancer consists of visual 
inspection and palpation. 
Permission requested from Saunders Elsevier, Schwartz, M. H., 2014. Textbook of Physical 
Diagnosis: History and Examination  
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Frozen section, a pathological laboratory procedure used to perform rapid microscopic analysis 

of biological specimens, is used most often in oncologic surgery to provide guidance for 

intraoperative margin assessment. After a tumor is presumed to be removed in its entirety, the 

surrounding tissues are sampled by frozen section to ensure no microscopic disease is left 

behind. Although histopathologic assessment has a reported specificity of >95%, approximately 

19% of patients with histologically negative margins experience treatment failure (48). Many of 

these patients must undergo a second, re-excision, operation to remove additional tissue, raising 

concerns about the sensitivity of frozen sections (49). In addition, intraoperative histological 

assessment extends the time of operation, relies on the quantity of samples harvested from the 

wound bed and their degree of sampling, and averages as much as $3,123 per patient, with a 

cost-benefit ratio of 20:1 (50). 

 

Apart from preoperative imaging and frozen tissue section, operating surgeons are essentially 

limited to two tools - visual inspection and palpation – to select and execute critical decisions that 

determine the clinical outcome of a tumor resection. Visual and palpable cues, although 

informative, are highly subjective and are often insufficient for distinguishing malignant and normal 

tissue types, leading to incomplete resections or unnecessary removal of healthy tissue. 

Additionally, dependence on white light limits the visual contrast available to surgeons to a narrow 

range in the colorimetric spectrum. This lack of pathology-specific tissue contrast may in large 

part explain the suboptimal survival rates in oncologic surgery.  Because the primary treatment 

for most tumors is complete resection, and because positive margins are associated with 

increased local recurrence and poor patient prognosis, advanced visualization methods that can 

pinpoint neoplastic tissue and differentiate it from sensitive, healthy tissues are urgently needed 

(51,52). Specifically, real-time improvement in the intraoperative differentiation between different 

tissue types would represent a considerable advancement towards improving surgical decision 
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making (i.e. biopsy selection), and thus, surgical outcomes. Introduction of real-time imaging 

technologies into the operating theatre has the greatest potential to reduce negative outcomes 

linked to salvage surgery by guiding the complete resection of tumors at the initial operation (53).  

2.1.6 Optical Imaging: A Step Closer to Disease Mapping  

Optical imaging technologies offer a feasible solution for real-time, intraoperative guidance of 

tumor resection and ex vivo margin analysis in the head and neck. A good barometer of growing 

interest in the field is the number of recent publications in the scientific literature:  during the past 

20 years, particularly in the last decade, the volume of publications on intraoperative optical 

imaging has nearly doubled (54). Given that 80% to 90% of all cancers originate in epithelial tissue 

and that the oral cavity is particularly accessible, many studies have evaluated the potential of 

these technologies to serve as alternate or adjunct tools to traditional techniques employed in 

intraoperative head and neck tumor assessment (53,55–60).  

 

The central aim of optical imaging is to develop cost-effective technologies that will offer surgeons 

immediate, real-time margin information that is consistent with the histological diagnosis. In optical 

imaging of head and neck cancers, the properties of light are exploited to non-invasively probe 

image alterations in the morphological or biochemical characteristics of tumor tissue.  In the 

domain of optical imaging techniques, contrast can be generated from either intrinsic properties 

of the tissue or the addition of fluorescent agents to target specific disease biomarkers (53,61). 

Enhancing the visual differences between diseased and healthy tissue by using optical properties 

could potentially offer surgeons real-time structure and disease mapping, leading to more 

complete resections, reduced surgical durations, and decreased morbidity. 

 

The key advantage of optical imaging is that it can be rapidly translated from investigational 

research to clinical testing. These systems are clinically attractive for their reasonable cost, high 
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sensitivity, objectivity, speed, flexibility, and ease of use – all key criteria for intraoperative image-

guided surgery (Table 1) (56). Noninvasive optical imaging techniques that augment tissue 

contrast and enable surgeons to make histologic evaluations in vivo, preceding the gold standard 

of tissue biopsy, may potentially reduce the risk of unnecessary biopsies; delineate clinical 

margins for tumor resection; provide guidance for the site of biopsy ; permit real-time re-excision; 

and optimize or monitor treatment (Table 2) (56).  Hand-held versions of such intraoperative 

imaging systems may also ultimately be used by surgeons to make definitive histologic diagnoses 

in the clinic, obviating the need for general anesthesia. Although there are intrinsic limitations to 

optical-based technologies, the unprecedented practical and technical surgical possibilities 

afforded by these real-time imaging systems make them promising tools for head and neck tumor 

delineation during intraoperative surgical procedures (56,59,62). If surgeons can localize tumors 

or avoid critical tissues more easily and accurately with optical image-guided surgery than without 

this technique, operative time could be significantly reduced, thereby improving the patient’s 

overall outcome and risks of morbidity. The long-term potential on patient benefits in management 

and survival, as well as costs saved in healthcare expenditures, would be resounding. 

 

Table 1: Characteristics of an ideal optical imaging system  

• Real-time 

• Amenable to both hand-held and endoscopic devices 

• High sensitivity 

• High specificity 

• Independent of operator 

• Can be used in the outpatient clinic 

• Can be used in the operating theatre 

• Easy to use 

• Cheap and cost-effective instrumentation 

Adapted from (56). 
 

Table 2: Advantages of an optical detection system 

• Real-time 
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• Guide to effective diagnosis 

• Guide to effective sampling 

• Guide to optimal biopsy without removal of excess tissue 

• Guide to treatment during and after operation 

• Potential to guide other methods of treatment 

Adapted from (56). 

2.1.7 Emerging Biophotonic Tools For Non-Invasive Screening 
Of OSCC 

In addition to the traditional imaging modalities described above, recent developments in 

biomedical optics have resulted in increased clinical attention and significant development for the 

non-invasive detection, screening, and delineation of OSCC. These modalities utilize a variety of 

optical techniques, including autofluorescence (VELscope and Identafi), chemiluminescence 

(Vizilite), and optical coherence tomography (OCT). Each technique possesses advantages, 

though none have yet to demonstrate significant improvements over COE consistently over 

clinical trials. The most prominent of optical imaging technologies to identify malignant tissue in 

oral cavity were characterized and presented in Table 3. 

Table 3: Commercialized optical imaging devices for screening of oral cancer. 
Product Velscope Identafi ViziLite VivoSight 

Optical 

Mechanism 

Autofluorescence Autofluorescence Blue-white light 

illumination 

Light 

back-scatt 

ering 

Advantages Easy to use, does 

not require 

dimmed light 

Three LEDs 

Targeting multiple 

fluorophore 

wavelengths 

Enhances acuity 

and brightness of 

leukoplakia lesions 

High spatial 

resolution 

Disadvantages Difficult to 

distinguish 

between low and 

high risk lesions 

Small field of view, 

low specificity 

Requires dye or 

acetic acid solution, 

low specificity 

Small field 

of view 

Mechanism of optical image contrast, advantages, and disadvantages for Velscope, Identafi, ViziLite, and 

VivoSight imaging devices are presented (63–66). 

 
VELscope is an FDA-approved device to image oral mucosal tissue based on autofluorescence 

intensity of tissue. The device capitalizes on the decreased autofluorescence (i.e., darker region) 

of abnormal tissue to differentiate among the green emission of healthy tissue. The device is 

relatively easy to use, boasts a high battery life, and does not require the room lights to be 
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dimmed. The Velscope, however, does suffers from a low sensitivity and specificity, nearly half 

that of a standard biopsy; this is characteristic for the majority of commercialized intensity-based 

autofluorescent technologies. The device emits blue light within the 400 and 460 nm range, 

resulting in excitation of endogenous fluorophores that have been used to visualize neoplasm 

margins and tissue abnormalities (67–69). 

 

Identafi uses three different excitation wavelengths, LED white, violet (405 nm), and green-amber 

(545 nm), to intraorally examine tissue using intensity-based autofluorescence and tissue 

reflectance. The white light enables highly resolved images of oral mucosal lesions, whereas 

violet light highlights normal mucosa. The green light reveals underlying vasculature as it matches 

peak wavelength of hemoglobin. This device was the first intraoral device to enter the market with 

the ability to evaluate oral lesions using tissue reflectance. Despite its novelty, the violet LED has 

been shown to offer poor sensitivity for oral epithelial dysplasia, whereas the white and green 

LEDs offer no new information relative to COE (65).  

 

Vizilite uses a replaceable chemiluminescent light source to illuminate oral mucosa with a blue-

white light with average wavelength between 490 - 510 nm. The technology takes advantage of 

the different reflectance and absorbance of mucosal tissue when in an inflammatory or abnormally 

metabolic state due to increased nuclear and mitochondrial content (70,71). Normal tissue 

absorbs the chemo-luminescence and is visibly dark, whereas dysplastic cells are more reflective 

and appear white. The high contrast margins are due in large to a necessary pre-rinse of suspect 

tissue with acetic acid solution. Other methods also use Toluidine blue to obtain the sensitivity 

and specificity paralleling that of COE (71). A vast amount of published clinical studies, however, 

have deemed Vizilite as insufficient compared to clinical evaluation due to low specificity. The 

accuracy of Vizlite, however, is also highly variable considering oral dysplasia, as well as the 

amount of dye administered to tissue (70).  
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OCT takes cross-sectional images of tissue using the backscattering of light. The technique 

boasts a resolution in the micrometer range and the technique benefits from high imaging speed. 

Although OCT is limited to a small field of view, its sensitivity and specificity in detecting 

abnormalities, particularly leukoplakia and erythroplakia, are both high (roughly 90% and 75%, 

respectively) (72). Few OCT devices have been commercialized for oral cavity screening due to 

the limited field of view, concerns regarding endoscope integration, and difficulties in the 

realization of a hand-held, flexible device. Recently, non-commercialized devices have attempted 

to mitigate these problems, (e.g., a novel wide field OCT system (64)), and have succeeded with 

in vivo imaging of the oral cavity. A commercialized device that has been utilized in ex vivo oral 

cavity testing is from Michelson Diagnostics, which demonstrates potential in application for in 

vivo use. The company’s VivoSight device is clinically used for diagnostic skin therapy and may 

undergo future design modifications for implementation in the oral cavity. OCT has also been 

applied to elastography, named Optical Coherence Elastography (OCE), through which images 

are generated after mechanically perturbing tissue, and has been demonstrated in application to 

breast cancer. Recent mathematical models to obtain the elastic modulus and potentially quantify 

the backscattering contrast mechanism is an area of active research (73,74). 

2.1.8 Image-Guided Surgery 

Sections 2.2 – 2.4 focus on the current status of optical image-guided technologies that have 

been evaluated for non-invasive tissue identification and intraoperative navigation in head and 

neck oncologic surgery. Most reports have focused on optical imaging systems that use intrinsic 

fluorescence or contrast agents to diagnose lesions intraoperatively in patients presenting with 

OSCC (53,56–58). As a result, the field of fluorescence-guided surgery has grown substantially, 

and clinical trials are currently underway to evaluate this technology in multiple tumor types. The 

advantages and limitations of the most common fluorescence imaging techniques, including 
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autofluorescence imaging, near-infrared fluorescence imaging, and fluorescence lifetime imaging 

microscopy, will be discussed.  

2.2 Melanoma, Mohs Surgery, And Detection Of Micrometastases 

2.2.1 Introduction 

In 2019 about 7,230 deaths from melanoma occurred with the vast majority attributable to head 

and neck cutaneous malignant melanoma (HNCMM) (75–77). The standard treatment for primary 

HNCMM is surgical; The procedure includes wide local excision (WLE) with a safety margin of 

uninvolved adjacent tissue and often sentinel lymph node biopsy to determine tumor stage (78). 

About 70-90% of head and neck melanomas occur on the face, and these cases pose a challenge 

due to limits on the size of surgical margins due to cosmetic deformity, functional impairment, and 

damage to important nearby anatomic structures (79–81). The conventional means of spot biopsy 

following tumor resection also suffers significant sampling limitations that leaves the possibility of 

clinically occult local metastases or residual tumor (81). Altogether, these factors likely contribute 

to the historically increased rates of treatment failure due to locoregional melanoma recurrence 

in the head and neck when compared to the recurrence rates at other sites of the body (82–87).  

 

The state of the art treatment (i.e., in the year 2020) for skin cancer resection with a high risk of 

recurrence and when tissue conservation is essential was actually developed by Dr. Mohs in the 

1930s (88,89). Mohs micrographic surgery is performed by removing a thin margin of tissue 

circumferentially around and deep to the clinical margins of a skin tumor. Immediately following 

excision the specimen is frozen and sectioned in a cryostat microtome. The freezing and 

sectioning takes about 15 to 30 minutes. During this time the patient sits in the waiting room with 

a lightly packaged wound. The dermatopathologist then examines the tissue margins of the frozen 

sections under a microscope and the process is repeated until the tumor has negative histologic 
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margins (90). This procedure is expensive, requires a highly specialized surgeon, and is a 

procedure that is effective if the cancer is diagnosed in an early stage. 

 

Regarding recurrence, multivariate analysis revealed significantly better overall survival for 

patients with a recurrence being local/in-transit or nodal, asymptomatic, or resectable (91–93). 

The current methods of surveillance of clinical examination and patient skin self-examination, 

however, are dated and imperfect for the earliest possible detection of local recurrences or in-

transit metastases. This is because subcutaneous or lymph node metastases from melanoma 

may not be palpable because of their small size, their distance from the skin surface, or their 

location in an area of fibrosis due to previous surgery or irradiation (94).  

 

Following surgery for HNCMM there is also significant variability in both the frequency of patient 

follow-up and the appropriate imaging studies for routine surveillance (95). Expert guidelines 

recommend a combination of ultrasound (US), computed tomography (CT), and positron-

emission tomography (PET) for high-risk patients and whole-body screening of metastases but 

these imaging modalities do not have sufficient resolution to detect micrometastasis and PET/CT 

are prohibitively expensive for routine surveillance (96). Reports indicate that 70% of first 

recurrences of primary melanoma are locoregional, and PET/CT also does not evaluate the 

regional area very well (97,98). 

2.2.2 Emerging Biophotonic Tools For Non-Invasive Surveillance 
Of Melanoma Micrometastases  

Next generation emerging imaging techniques may enhance the existing methods for identifying 

microsatellites and in-situ recurrence in melanoma. Microsatellites are small groups of tumor cells 

that may occur adjacent to the main lesion in the surrounding tissue (99). In-situ recurrence refers 

to a "field effect," and applies only to tumors with a radial growth phase (superficial spreading, 
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lentigo maligna, and acral lentiginous melanoma). Preferable methods for routine surveillance 

should be safe, cost-effective, and clinically accurate. Therefore, techniques were considered that 

are noninvasive, do not emit harmful ionizing radiation or use exogenous contrast, image over 1 

mm into tissue (in order visualize the epidermis and dermis) and have higher than 1 mm lateral 

resolution (for detection of micrometastases). Concerning the latest technology in  non-invasive 

imaging, the merits and limitations of high-frequency ultrasound (HFUS), high-resolution optical 

coherence tomography (HROCT), and photoacoustic imaging (PAI) are presented with respect to 

their resolution limits for the targeted surveillance for locoregional recurrence following melanoma 

resection in the head and neck. Significant clinical applications and future directions are also 

discussed for each imaging technology.   

2.2.2.1 High Resolution Optical Coherence Tomography (HR-OCT) 

 
Contrast Mechanism 

OCT generates image contrast that reveals the morphology of tissue microstructure based on 

differences in the index of refraction of specific tissues (100). A benefit of this technique is that the 

OCT probe does not need to be in contact with tissue since the measurement is based on 

backscattered light. In addition, OCT can acquire cross-sectional and 3D images with higher 

precision (compared to ultrasound) when quantifying tissue structures. In OCT, the spectral 

bandwidth of the light source and the specifications of the optical system define the axial and 

lateral resolution, while the imaging depth depends on light scattering and water absorption.(101) 

The light reflectivity of different tissue components (melanin and cell membranes) provides 

contrast in the images, and these findings do correlate with histopathology (101,102). 

Clinical Utility 
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Clinical use of OCT is rarely reported for diagnosis of melanoma because conventional OCT does 

not have cellular resolution (103–105). HR-OCT scanners, however, provide a significantly higher 

lateral resolution, up to 10 um as illustrated in Table 4. The method permits superficial imaging of 

tissue with morphologic differentiation of the epidermis, papillary dermis, reticular dermis and 

subcutis. There is a growing body of literature regarding HR-OCT, but a recent systematic meta-

analysis had inconclusive recommendations due to the variability of image features used and the 

standards of reporting in trials (106). Individual reports suggest that HR-OCT has the capability to 

provide morphological imaging with sufficient resolution and penetration depth to discriminate 

cytologic features and architectural patterns in the epidermis and dermis for the diagnosis of 

MM(107,108). One study, however, reported a high overlap in HR-OCT images between benign 

naevi and malignant melanoma. The authors detail that the architectural and cellular alterations 

discernible of melanocytic skin lesions included the fusion of rete ridges, pagetoid cells, and 

junctional and/or dermal nests with atypical cells. The key limitation from the study was that in 

20% of MM cases the authors reported HR-OCT images had no evidence of malignancy(109). 

Further studies support that HR-OCT cannot resolve single cell morphology but does permit 

assessment of the lesion architecture(110). Images have revealed architectural disarray with an 

indistinct dermo-epidermal junction, but the inability to clearly visualize the basement membrane 

zone and cellular features has prohibited rule-out of melanoma based solely on morphological 

analysis (111). 

2.2.2.2 High-Frequency Ultrasound  

Contrast Mechanism 

Image contrast in High-Frequency Ultrasound (HFUS) is produced from the differences in the 

acoustic impedance of tissue types that is detected through a pulse-echo, emitted and detected 

by a transducer. A transducer converts mechanical energy (or sound energy) to electrical energy 
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and vice versa. The frequency of sound waves produced by a transducer depends on its resonant 

frequency. Frequencies of 15 MHz or more may be considered high frequency and their use 

produces higher resolution images of tissues and structures, albeit closer to the skin surface due 

to a decreased depth of tissue penetration. The decrease in penetration depth occurs because of 

an inverse relationship with axial resolution that is determined by the pulse duration (bandwidth). 

Sometimes HFUS is referred to as biomicroscopy because the image produced compares to that 

of a low-power microscope. 

 

Specifically concerning melanoma, contrast is characterized by a high reflectance from 

melanocytes and a strong attenuation of the acoustic wave within tumors. Melanin granules (~30 

nm diameter within melanosomes) have a refractive index of 1.7 compared with the surrounding 

cytoplasm of 1.35(112). The strong attenuation of the acoustic wave is a result of the slower speed 

(1360 ± 50 m/s) of sound in melanoma cells compared to BCC, SCC, and healthy soft tissue 

(1540 m/s) (113).  

Clinical Utility 

For clinical use, the diameter and site of the lesion should guide the choice of probe frequency 

because transducers with higher frequency wavelengths have a decreased depth of 

penetration.(105) High-frequency ultrasound is considered the best modality for detecting and 

diagnosing in-transit metastases due to its high accuracy in detecting smaller lesions (114). 7.5 to 

15 MHz sonography was helpful in detecting metastases (40-60 mm penetration and 450 um 

resolution) into the soft tissue in proximity of the primary melanoma tumor (115). Frequencies of 

20 MHz to 25 MHz allowed visualization of both the dermis and epidermis while higher frequencies 

of 50 MHz and above visualize the epidermis only. A transducer at 50 Mhz achieved a resolution 

of 30-40 μm but a maximum imaging depth of 5-9 mm. A 100 MHz transducer (axial and lateral 
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resolution of 10 and 84 um) has been reported for very thin metastatic melanomas when the 

infiltration depth was less than 1 mm.  

 

The scar of the primary cutaneous melanoma, the lymphatic drainage areas, and the regional 

lymph node basin have been examined by US with a 7.5-10MHz probe. Thus, even with 

conventional US, in one-third of patients metastases could be detected before being clinically 

palpable (116). Consequently, lymph node ultrasound is recommended for staging and follow-up 

of patients with melanomas >1mm in thickness in some European countries (117). With a 

consensus rate of 90% the current evidence based recommendation (level A) is that ultrasound 

of the locoregional lymph nodes should be done for the initial workup in all primary melanomas 

pT1b and higher. However, ultrasound is still not considered as a substitute for sentinel lymph 

node biopsy. In primary melanoma without a clinically or radiologically positive lymph node, 

sentinel node biopsy is the most important prognostic factor in primary tumors with a Breslow 

>1 mm (117).  

 

Ultrasonography (US) surveillance can be more sensitive compared to physical examination for 

the detection of local and regional lymph node recurrences if performed by a trained 

professional(116,118,119); as such, ultrasonography has been incorporated into many 

international guidelines for the follow-up of melanoma patients. Some limitations that have 

tempered widespread and consistent use included a dependence on operator skill, the availability 

of an expert radiologist, and a considerable study-performance time. Studies rarely provided 

information on the expertise and experience of the test operator or sonographer. US has been 

integrated into clinical practice for over 30 years and a large amount of clinical data is available, 

but the accuracy of high-frequency ultrasound in identifying melanoma is difficult to interpret due 

to overall poor reporting and significant heterogeneity between studies. A recent Cochrane 
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systematic review (20 datasets using HFUS of 1125 lesions and 242 melanomas) detailed patient 

selection, ultrasound technique, test thresholds, prior testing, and blinding as major sources of 

the heterogeneity between these studies (106). It is also possible that there was no single 

parameter in the tested set that was sufficient to discriminate melanomas from other melanocytic 

skin lesions reliably.1 

2.2.2.3 Photoacoustic Tomography  

Contrast Mechanism 

Photoacoustic tomography (PAT) is one of the fastest growing fields in biomedical optics. The 

technique uniquely combines the benefits of OCT and US in terms of optical excitation with 

acoustic detection (120). This hybrid mechanism is highly advantageous since optical absorption 

of endogenous biomolecules (e.g., melanin, water, lipids, hemoglobin) produces tissue-specific 

contrast (121). In addition, the generated images are high-resolution because acoustic waves 

scatter less than light in tissue. Ex-vivo experiments have demonstrated a capacity to detect about 

200 melanoma cells in a tissue-mimicking substrate and even 6-10 melanoma cells clustered 

together when circulating in blood (122). This emerging imaging modality is currently transitioning 

from preclinical to clinical use. 

Clinical Utility 

By detecting acoustic signals from endogenous biomolecules, PAT could be used to detect 

melanin from melanoma metastases in the body. Although amelanotic cutaneous melanoma 

accounts for about 5% of cases, there is actually still enough melanin in the melanocytes to be 

detected by PAT (123). A notable application of PAT is the quantitative, label-free evaluation of 

micrometastases within regional lymph nodes. Both in vivo and ex vivo studies for this purpose 

have been reported, with lateral and axial resolutions of 86um and 119um, respectively (124–128). 

A notable experiment was performed by Neuschmelting et al in 2016 with PAT in a mouse model. 
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They reported that PAT enabled detection of melanoma lymph node micrometastases and in-

transit metastases that were undetectable with FDG PET/CT and helped differentiate melanoma 

metastasis from other lymphadenopathies (129). While significant clinical validation is still 

required, promising early results promote PAT as a highly specific and sensitive label-free imaging 

approach that may be used to survey the nodal basin for the occurrence melanoma 

micrometastases. In the future, PAT may especially benefit node-negative patients that currently 

undergo SLN excision and help detect early stage in-transit melanoma metastases that are 

currently missed with the use of SLN techniques. 

 

A challenge for PAT using endogenous contrast has been a depth detection limit of about 10 mm 

and damage to tissue due to light exposure (130). The use of exogenous contrast agents has 

circumvented this limitation but naturally introduces limitations for clinical use (i.e., allergic 

reaction, biocompatibility, tumor-specificity) (121). The use of intrinsic chromophores also does 

not provide information regarding the benign or malignant nature of the cells detected. 

Table 4: Emerging non-invasive imaging methods for melanoma detection. 

 
High-frequency ultrasound High-resolution optical 

coherence tomography 
Photoacoustic Imaging 

System emits Acoustic wave Electromagnetic wave Electromagnetic wave 

System detects Acoustic wave Electromagnetic wave Acoustic wave 

Wavelength (15 - 50 MHz) ~1,300 nm 650-1,300 nm 

Lateral resolution 
(um) 

60-250 3-6.5 44-230 

Axial resolution (um) 30-120 3-22 28-59 

Penetration depth 
(mm) 

4-30 0.5 – 2.0 3.7-4.8 

Field of view (cm) ~ 1 ~ 0.1 x 0.1 ~ 1 

Signal from 
melanocytes versus 
healthy tissue 

Decreased Decreased Increased 

Probe-tissue contact Yes No Yes 

Commercially 
available? 

Yes Yes No 

Reference (131),(132) (131),(108),(133) (134),(135),(136) 
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Adapted table from Ref. (132) 

2.2.3 Future Outlook 

The application of computer-aided detection for real-time data analysis may further increase the 

sensitivity and specificity of each of the presented methods. Due to digital acquisition, the imaging 

modalities are generating quantitative and functional datasets that may be used for training deep 

learning algorithms pending sufficiently accurate (or large-scale) clinical annotation.(137)  

Alternatively, another emerging non-invasive method is genomic testing for classification of 

melanocytic lesions in order to guide further biopsy (138). The proposed system can be used as 

an additional tool for clinical decision support to improve the early-stage detection of malignant 

melanoma.(139) There exists plenty of room for improvement but even PET can only identify about 

50% of subpalpable nodes (140). 

 

OCT was generally most effective when coupled with either HFUS or PAT as a dual modality 

imaging system (141). The high-resolution iterations of each of these systems was ultimately 

depth-limited, but there are histologic subtypes of melanoma that may especially benefit from 

increased local surveillance. Primary melanomas with a purely desmoplastic histologic subtype 

have a lower risk of nodal and distant metastases and a potentially higher risk of local 

recurrence.(142) Similarly, the lentigo maligna pattern, which is commonly observed on the head 

and neck, may be associated with subclinical peripheral and periadnexal extension beyond the 

visible margins and may require wider surgical margins to clear histologically (143,144). 

 

Additional future applications include pre-operative assessment of lesion dimensions and depth 

for surgical planning, intraoperative metastasis guidance, and visualization of response to 

treatment. The 5-year relative survival rate for patients diagnosed with melanoma now exceeds 

90%, and the number of survivors is increasing after what was once a dismal prognosis. 
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Treatments for melanoma are rapidly advancing and there is an emerging need for the 

identification of patients with locoregional melanoma recurrence who are appropriate candidates 

for enrollment into clinical trials. Finally, considering the stress of value-based medical treatment, 

the low cost and burden of each of these modalities merits continued research into their clinical 

utility and diagnostic accuracy. Pending sufficient evaluation and testing, these imaging tools may 

significantly augment clinical and patient self-examination to detect recurrent disease. 

2.3 Fluorescence Imaging And Autofluorescence In Head And Neck 
Surgery 

Fluorescence imaging for in vivo and ex vivo characterization of tissue has been well-established 

for many decades (145). These efforts all share a common aim: accurate delineation of tissues 

using tissue-specific fluorescence signals. Several studies have demonstrated that cancers, 

including those of the head and neck, can be accurately identified using fluorescence-guided 

techniques (53,56,59). Limited improvement in the survival and recurrence rates of OSCC have 

continued to drive the advancement and evaluation of fluorescence-guided techniques for early 

diagnosis, staging, and characterization of malignant lesions in the head and neck. More recently, 

interest has considerably grown in the clinical use of fluorescence imaging methods for 

intraoperative margin detection, largely due to a more comprehensive understanding of 

autofluorescence and the availability, decreasing cost, and clinical translatability of the necessary 

instrumentation (e.g. light sources, optical fibers, and imaging detectors). Using real-time 

fluorescence properties, optical imaging has the potential to reduce adverse surgical outcomes 

by offering surgeons guidance in locating the best sites for biopsy, defining the clinical margins 

for tumor resection, and optimizing or monitoring treatment. 
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2.3.1 Basic Principles of In Vivo Fluorescence Imaging 

The fundamental aim of fluorescence imaging in surgical oncology is to exploit the optical contrast 

- either intrinsic (i.e. autofluorescence) or induced (i.e. exogenous fluorophores) - between the 

lesion and surrounding normal tissue.  This contrast can be generated from fluorescence intensity, 

spectral shape, lifetime, or a combination of these features. Most studies using fluorescence 

imaging in head and neck tumors focus on spectral intensity measurements (62). To more 

adequately understand how tissue pathology relates to image contrast and the sensitivity of this 

technique, a brief overview of basic fluorescence imaging principles is detailed in the subsequent 

sections.  

 

Figure 2-3 illustrates the geometric principle behind fluorescence imaging (62). A spectrally 

resolved light source (e.g., filtered broadband source, light-emitting diode, or laser diode) is used 

to deliver a bundle of light with a specific wavelength that can excite a fluorophore. The 

fluorophore can be an intrinsic tissue component (i.e., autofluorescence) or an injected external 

fluorescent agent that binds to peptides on tumor-specific cells. This excitation light must then 

enter and travel through tissue to reach the fluorophore, and therefore, is partly influenced by 

reflection and refraction at the tissue surface, scattering, and absorption by various components 

in the tissue. When absorption of a photon results in a gain of energy in the fluorophore, it enters 

an excited state (Figure 2-3 (b)). The electrons briefly remain in an excited state, which is referred 

to as the ‘lifetime’ of the fluorophore. The system then returns to its ground state following the 

emission of a photon at a longer wavelength (lower energy); this phenomenon is termed the 

Stokes shift. The light emitted is captured by a detector or a charge-coupled device camera. 

Following analog to digital conversion, the camera readout generates an image that is a quantified 

spatial map of the detected fluorescence.  
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2.3.2 Tumor Detection Using Fluorescent Probes  

Conventional fluorescent techniques use fluorescent agents, or probes, in the visible light 

spectrum, which is not ideal for intraoperative image-guided surgery; this spectrum is associated 

with a relatively high degree of nonspecific background light, often leading to low signal-to-

background ratios (SBR) (58). Imaging in the near-infrared (NIR) light spectrum offers a key 

advantage: increased penetration depth and increased SBR of contrast agents (44,58,146). As a 

result, NIR fluorescence-guided surgery systems are among the most commonly explored steady-

state optical technologies for head and neck cancer surgery.  

Figure 2-3: Basic principles of fluorescence imaging. 

(a) Light of specific wavelength is selected using a filter (Fex) located between a light source and 
the specimen. The excitation-light is absorbed by a fluorophore, which subsequently emits light 
of a longer wavelength. A filter (Fem) is placed in front of the detector, which allows only the 
emitted light to pass into the detector. (b) Absorbed light by the fluorophore instigates an 
electron (e) in the ground state toward an electronically excited state. Upon return to the 
ground state, the fluorophore emits a photon. The wavelength of this emitted photon is specific 
for the fluorophore. Fex, excitation filter; Fem, emission filter. Permission requested from the 
American Association for Cancer Research, Keereweer, S. et al., 2013. Optical image-guided 
cancer surgery: challenges and limitations. Clinical Cancer Research, 19(14), pp.3745-3754. 
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2.3.2.1 Near-Infrared Fluorescence Imaging Systems And 
Applications 

Numerous commercial NIR fluorescence imaging technologies have been designed for both 

preclinical and clinical studies of the head and neck (Figure 2-4) (58). The FLARE™ imaging 

system (Frangioni lab, Beth Israel Deaconess Medical center, MA, USA), which uses specific 

nanobodies and the NIR fluorophore IRDye800CW to target tumor tissue, has been evaluated in 

preclinical murine studies, and the Mini-FLARE™ system (an optimized version for clinical 

studies) has been used to guide fluorescent inspection of sentinel lymph nodes (146). The 

photodynamic eye camera system (when used in conjunction with indocyanine green (ICG)) has 

demonstrated the ability to localize lymphatic drainage pathways and detect sentinel lymph nodes 

in humans (147). The HyperEye Medical System (Mizuho Medical, Tokyo, Japan) has been used 

for fluorescence imaging-guided tumor delineation in humans after systemic administration of 

ICG. However, to date, no concurrent histological studies have been performed to verify the 

observed image contrast (148). The SPY imaging system (Novadaq, Ontario, Canada) is another 

NIR device used to image and guide head and neck cancer resection in orthotopic animal models 

(149,150). These studies required the use of peptides conjugated to near-infrared quantum dots. 

Lastly, FluoSTIC™ (Fluoptics, Grenoble, France), a preclinical device, and its equivalent 

fluorescence imaging system are hand-held NIR cameras that have been specifically designed 

for oral oncologic procedures (Figure 2-5) (151); both technologies require an intravenous 

injection of a NIR contrast agent. 
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Figure 2-4: Near-infrared intraoperative camera systems. 

(a) The Novadaq SPY™ system, (b) ArtemisTM, (c) Hamamatsu's Photodynamic Eye (PDE™), (d) 
Fluoptics' Fluobeam®. Functional intraoperative fluorescence molecular imaging systems: (e) 
FLARE™ imaging system, (f) Multispectral fluorescence molecular imaging system from 
Technische Universität München & Helmholtz Zentrum, (g) Surgical navigation system GXMI 
Navigator from the Institute of Automation, Chinese Academy of Sciences. Permission 
requested from IvySpring, Chi, et al., 2014. Intraoperative imaging-guided cancer surgery: from 
current fluorescence molecular imaging methods to future multi-modality imaging technology. 
Theranostics, 4(11), p.1072. 
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2.3.2.2 Challenges For Clinical Translation 

The key challenge in intraoperative NIR fluorescence imaging lies in the clinical translation of 

tumor-specific agents (47,146,152). As noted in the previous section, NIR fluorescence guided 

Figure 2-5: Orthotopic tumor resection with the aid of a FluoStick™ Clinical System 
device after systemic injection of the AngioStamp™ 800. 

(a) In vivo fluorescence imaging of the tumor. (b) In vivo macroscopic appearance of the 
tumor. (c) Ex vivo fluorescence imaging of the tumor after macroscopic resection without the 
aid of FluoStick. (d) Haematoxylin-eosin (HE) staining of the orthotopic tumor.  Microscopic 
images were acquired under 20× magnification. (e) Surgical bed after macroscopic tumor 
resection showing no residual macroscopic disease. (f) Fluorescence imaging of the surgical 
bed. (g) Ex vivo fluorescence of the fluorescent residue. (h) HE staining of the fluorescent 
residue. Microscopic images were acquired under 20× magnification. (i) No residual 
fluorescent signal observed in the surgical bed after removal of the fluorescent tissue. (j) The 
FluoStick™ Clinical System. Permission requested from Springer, Atallah, I., et al.., 2015. Role 
of near-infrared fluorescence imaging in head and neck cancer surgery: from animal models 
to humans. European Archives of Oto-Rhino-Laryngology, 272(10), pp.2593-2600. 
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surgery requires a fluorescent probe and a compatible imaging device. Clinical use and 

development of these components has been significantly limited considering Food and Drug 

Administration (FDA) approval of standardized imaging devices and agents is costly, of unknown 

toxicity, and very time-sensitive (54,153); limited benefits are expected compared to traditional 

therapeutic agents used to target head and neck cancers. Among the few number of fluorescent 

probes that have been approved for clinical use, ICG, a non-targeted dye, is the only NIR 

fluorescent agent that has been approved by both the FDA and European Medicines Agency (58). 

Fluorescein has been recommended for tumor imaging. However, this contrast agent is highly 

soluble and very rapidly cleared in vivo, making it unsuitable for this application (154). 

Pharmacokinetics and clinical toxicity studies need to be performed for other probes that have 

demonstrated effective targeting of head and neck cancers in preclinical studies.  

 

Although NIR fluorescence imaging is based on the detection of photons, Figure 2-3 illustrates 

how the spectral shape and intensity of emitted light may be significantly affected by optical 

properties of the tissue (i.e. absorption and scattering) (62). As a result, observed fluorescence 

image contrast is often blurry due to surface scattering effects and characterized by distorted 

intensities due to the varying absorptive properties of tissue. The majority of NIR fluorescence 

systems are limited to single-band NIR cameras that do not enable separation of background light 

from the probe signal, and, thus, cannot correct for spectral and intensity distortions caused by 

unique photon-tissue interactions (44,53). Imaging over a range of wavelengths may allow for this 

correction, however, such a correction scheme is cumbersome cannot be performed in real-time, 

a fundamental component of intraoperative image-guided surgery (44). 
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Figure 2-6: The effects of absorption and scattering on image contrast during 
real-time intraoperative fluorescence imaging of liver metastases in humans. 
At the surface, fluorescent agents will appear as a bright and sharply delineated spot. 
However, the target will always be surrounded by a halo of fluorescent light that is 
directed into the tissue after emission, scattered around locally, and then emitted from 
the surface at some distance from the target location. Moreover, due to absorption and 
scattering, an identical fluorescent agent that is located deeper within the tissue will have 
lower signal intensity and will be imaged as an indistinct feature. An example is shown of a 
liver metastasis that is delineated by fluorescence signal (a-c). When a thick layer of 
greater omentum covers the area of interest, fluorescence signal is not detected (d–f). A 
second liver metastasis is indicated in a different patient (g-i). However, when the liver is 
flipped around and the opposite side is imaged, high absorption of the liver that is 
saturated with blood results in an indistinct fluorescent blob (j–l). Permission requested 
from the American Association for Cancer Research, Keereweer, S. et al., 2013. Optical 
image-guided cancer surgery: challenges and limitations. Clinical Cancer Research, 19(14), 
pp.3745-3754. 
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2.3.3 Tumor Detection Using Intrinsic Fluorescence  

Autofluorescence (AF) describes the intrinsic fluorescence of tissue that is excited by visible or 

ultraviolet light of a specific wavelength. Because the optical properties of tissue are influenced 

by tumor-induced morphologic and biochemical changes, AF serves as a useful diagnostic 

indicator because it can be used to illuminate structures of interest (155). This is a significant 

advantage for image-guided surgery, as there is no need for exogenous fluorescence agents that 

can often complicate the regulatory approval process for clinical use. 

 

Several studies have confirmed a loss of normal tissue AF in cancerous tissue as compared to 

healthy parenchyma  (155–159). The reasons for AF alteration in neoplastic tissue are broad and 

attributed to alterations of intrinsic tissue fluorophore distribution. The dynamic tumor fluorophore 

landscape include break-down of collagen matrices, reductions in flavin adenine dinucleotide 

concentration during cellular remodeling, and upregulations in tumor metabolism (e.g. increases 

in nicotinamide adenine dinucleotide (NADH) concentration) (155,160–163). As a result, AF 

profiles are of particular clinical interest because changes in metabolic activity and cellular 

interactions can be reflected by spectral changes in emitted fluorescence. 

2.3.3.1 Imaging Systems and Applications 

The efficacy of AF-guided surgery in improving OSCC disease recurrence and overall survival, 

as assessed by surgical site and regional lymph node status, was recently investigated (155). 

VELscope (LED Medical Diagnostics, Vancuover, Canada) is the only commercially available 

handheld AF device for visualization of tissue fluorescence in the oral cavity. Under fluorescence 

visualization, normal oral mucosa emits various shades of pale green AF, while lesions appear 

as dark patches (Figure 2-7). Among the 156 patients with squamous cell carcinoma, the 92 

patients in the AF-guided surgery group showed a significant reduction in the 3-year local 
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recurrence rate, from 40.6% (26 of 64 patients) to 6.5% (6 of 92 patients) (P < .001). Multicenter, 

phase 3, randomized surgical trials have been proposed to validate the results of this study (155). 

2.3.3.2 Challenges For Clinical Translation  

Most AF studies have discriminated between normal and tumor tissue in the head and neck by 

detecting differences in measured steady-state fluorescence intensities or spectra.  Although 

simple to use, both techniques suffer from limitations that make quantitative analysis of image 

Figure 2-7: Representative Clinical Lesion Assessment with white light (WL) and 
Fluorescence Visualization (FV). 

(a) A WL image of an ill-defined red lesion at the left lateral tongue. (b) The clinical tumor 
boundary is outlined using a blue skin marker. (c), FV image at the same area. (d), The FV 
boundary is outlined using a green marker. Permission requested from the American Medical 
Association, Poh, C.F., et al., 2007. Direct fluorescence visualization of clinically occult high‐risk 
oral premalignant disease using a simple hand‐held device. Head & neck, 29(1), pp.71-76. 
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contrast challenging (164,165). The contrast generated with steady-state AF imaging techniques 

is not only influenced by the concentration and fluorescence quantum yield of the fluorophore but 

also by: 1) temporal and spatial properties of the excitation flux; 2) angle of the excitation light; 3) 

detection efficiency; 4) spatial variations in the tissue microenvironment; and 5) attenuation by 

light absorption and scattering within the tissue (62,164). The clinical implications are particularly 

evident when imaging highly vascularized lesions or organs since blood and its components are 

highly light-absorbent and reduce the fluorescence signal created (44,166). Therefore, blood may 

mask the potential fluorescence signal produced in tissues containing high concentrations of 

fluorophores when compared to adjacent non-vascularized tissue beds of lower fluorophore 

concentration (167). In addition, reduced AF associated with malignant tissues is also exhibited 

by a variety of other conditions, such as inflammation, keratosis, and benign lesions, thereby 

limiting the clinical utility of intensity and spectral-based AF measurements for intraoperative 

margin control (168). Technical improvements in signal analysis and quantitation have been made 

through ratiometric imaging utilizing spectral emissions windows, yet the heterogeneity in tissue 

fluorophore distribution and their broad overlapping emission spectra continue to limit the degree 

of achievable discrimination (155). The clinical utility of AF contrast imaging is clearly apparent 

yet the above considerations have limited the widespread adoption of AF intensity imaging for the 

detection of neoplastic tissue. The current AF imaging tools in clinical use are hampered by low 

specificity and a high rate of false positive findings (44,53,62). 

2.4 Fluorescence Lifetime Imaging 

2.4.1 Fluorescence Lifetime Imaging: Robust in vivo Contrast 

Time-resolved techniques such as fluorescence lifetime imaging (FLIM) add a further dimension 

to AF intensity and wavelength measurements by analyzing the temporal properties of emitted 

fluorescence (164,169,170). FLIM permits differentiation between individual fluorophores in 
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malignant and normal tissue by visualization of the specific temporal decay after 

excitation(164,171,172). The key advantage of measuring the fluorescence decays (i.e. lifetime) 

of fluorophores is that this parameter is directly dependent upon excited-state reactions and 

independent of local fluorophore concentration, attenuation due to tissue scattering and 

absorption (e.g. blood), nonuniform tissue geometry, optical path, local excitation intensity, and 

local fluorescence detection efficiency(173,174).  While these factors may significantly affect the 

signal and detection capabilities of intensity-based AF systems, the ratiometric nature of lifetime 

measurements in FLIM is robust against imaging artifacts and confounders. Unlike fluorescence 

intensity imaging, fluorescence lifetime is sensitive to several chemical and metabolic variables 

in the tissue microenvironment (including pH, ion concentration, binding states, enzymatic activity, 

and temperature) (174,175). In this way, fluorescence lifetime measurements complement 

intensity and spectrum measurements by providing additional information on the composition and 

function of tissue (164,170,176). In cancers of the head and neck it has been reported that the 

main metabolic contributor to the fluorescence emission is a co-enzyme (NADH) associated with 

cellular metabolism (177–179). During disease progression from healthy to malignant, the 

contribution of NADH fluorescence from tumor tissue rises substantially, resulting in a sub-

nanosecond lifetime (~0.5 ns) in unbound form and a lifetime greater than 1 ns in a bound 

form(180). The observed reduction of fluorescence lifetime results from changes in biochemical 

composition and morphology in head and neck cancer tissue. Furthermore, FLIM can easily 

differentiate between biomolecules with overlapping fluorescence emission spectra that have 

different fluorescence lifetimes. Complete emission spectra can be generated by measuring time-

resolved fluorescence at wavelengths across the entire emission spectrum. Time-resolved 

fluorescence measurements acquired with FLIM, thus, have inherent advantages over steady-

state fluorescence systems for reliable and quantitative analysis of biological tissue. 
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2.4.2 FLIM Instrumentation and Data Analysis  

FLIM systems record the time-resolved fluorescence intensity of fluorophores to generate images. 

Fundamental to lifetime imaging is acquisition of the time-decay interval following fluorophore 

excitation. Methods for measuring fluorescence lifetime are usually divided into time domain and 

frequency domain techniques(181). Regarding time-domain techniques a schematic diagram of 

fluorescence lifetime decay is illustrated in Figure 2-8. In the time domain method, cells are first 

excited with a short duration (< 1-2 ns) pulse-width energy source with an ideal pulse interval 

duration that is shorter than the fluorescence lifetime (𝜏) to be measured. When a molecule 

absorbs energy of suitable wavelength it transitions to from a ground to an excited state. Upon 

relaxation and return to the ground state, the molecule then emits fluorescence with typically 

longer wavelength in the form of a radiation transition. Fluorescence lifetime is the average 

amount of time that the molecule stays in its excited state before emitting a photon, and is usually 

defined as the time required for the fluorescence intensity to decay from its maximum value to 1/e 

of its maximum value(181). The decay of fluorescence intensity immediately following excitation 

(often modeled as a Dirac delta function if a pulsed laser is used for excitation) will decay 

exponentially with time. For a single molecule, the fluorescence lifetime (𝜏) may be modeled by 

the single exponential function detailed in Equation 5-1. 

 

𝐼(𝑡) = 𝐼0𝑒
−𝑡

𝜏⁄  (Eq. 2-1) 

 

In Equation 5-1, t is the time (in nanoseconds) following molecule excitation, 𝐼0 is a constant 

determined by the magnitude of excitation and the quantum efficiency of the fluorophore with 

peak at 𝑡 = 0, and 𝐼(𝑡) is the fluorescence intensity at time t (182,183). In reality, the fluorescence 

decays from each point in the produced image are more complex than a single exponential model. 

In biologic tissue, the presence of multiple fluorophores  in a range of different microenvironments 
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results in emitted fluorescence from an area that is composed of the superposition of many 

fluorescent lifetimes. Thus, a multi-exponential function (Equation 5-2) is required where 𝜏𝑖 is the 

fluorescence lifetime of the (𝑖)th fluorophore, and 𝛼𝑖 is its weighted contribution, 

respectively(184). 

 

𝐼(𝑡) = ∑  𝛼𝑖

𝑛

𝑖

𝑒
−𝑡

 𝜏𝑖⁄  (Eq. 2-2) 

 

Fast and sensitive detectors (e.g., avalanche photodiodes, streak cameras (640 spectral x 480 

temporal channels), gated intensified charge coupled device (iCCD) cameras (repetition rate 

maximum of 10 MHz, time gate 200 ps), and time correlated single photon counting (TCSPS) 

detection modules) are usually necessary to record the time-dependent distribution of emitted 

photons following each pulse considering the nanosecond order of the fluorophore decay. 

(176,182). The rate of decay (i.e. “lifetime”) of fluorescence at each point in the image is plotted 

as a distribution of fluorescence ‘lifetime’ values (𝜏). In the presence of fluorophores the slope of 

the decay curve is less steep due to the existence of a finite excited state. Thus, fluorophores with 

longer lifetimes are characterized by larger slopes (182). Based on the specific lifetime of the 

fluorophore, florescence between normal and cancerous tissue can be distinguished. To date, 

the differences in fluorescence lifetime between normal and neoplastic tissue has been reported 

for both ex vivo and in vivo tissues (i.e., including the breast, brain, colon, esophagus, and oral 

cavity) (178,185–194). Details of the measurement methods, instrumentation, data acquisition, 

and analysis of fluorescence lifetime imaging methods are extensively detailed in comprehensive 

reviews on this subject (176,181,182,195–199). 
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2.4.3 Clinical Applications of FLIM in the Head and Neck 

Steady-state fluorescence spectroscopy and imaging studies have shown high sensitivity in the 

head and neck, yet these techniques suffer from poor specificity in identifying tissue pathology. 

Time-resolved measurements acquired with FLIM have the ability to fundamentally improve the 

specificity of fluorescence imaging and consequently advance tissue fluorescence-based 

diagnostic accuracy. The diagnostic potential of this method has not been fully evaluated given 

the limited number of patients enrolled and studies performed employing time-resolved 

techniques (174). Among the published head and neck literature, the primary objectives of FLIM 

investigations are: 1) determine differences in lifetime fluorescence between normal and 

Figure 2-8: The Principle of Time-Domain Fluorescence Lifetime Measurement. 

(a) In the time domain, the fluorescence lifetime is directly measured upon excitation of 
the sample with a short pulse of light, where the duration of the pulse is ideally much 
shorter than the fluorescence lifetime (𝜏) to be measured. This results in a fluorescence 
emission whose intensity decreases exponentially with time. For a sample comprising a 
single fluorescent species, the fluorescence lifetime is given by the time over which the 
fluorescence intensity drops to about 37% of its initial value. (b) Spectro-temporal profile 
of fluorescence emission in response to an excitation light stimulus. Permission requested 
from Elsevier, Bastiaens, P.I. and Squire, A., 1999. Fluorescence lifetime imaging 
microscopy: spatial resolution of biochemical processes in the cell. Trends in cell 
biology, 9(2), pp.48-52. 
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malignant tissue of the head and neck; 2) evaluate the potential of FLIM as a diagnostic tool for 

oral and head and neck squamous cell carcinoma (OSCC); 3) evaluate FLIM as an intraoperative 

tool for detection of residual tumor tissue in cancer surgery. 

 

Lifetime measurements have been successfully used to distinguish normal mucosa from 

premalignant lesions in human oral tissues(174). In a pilot study of nine patients with suspected 

OSCC, time-resolved laser-induced fluorescence imaging microscopy demonstrated malignant 

tissues of the aerodigestive tract are characterized by shorter lifetimes as compared to those of 

normal tissue(174). The potential of intraoperative endoscopic FLIM has also been investigated 

to accurately diagnose lesions in a group of 10 patients presenting with OSCC (174,180).  As 

shown in Figure 2-9, OSCC exhibited a weaker fluorescence intensity (~50% less) when 

compared to healthy normal tissue and a shorter mean lifetime (𝜏 HNSCC = 1.21 ± 0.04 ns) than 

surrounding tissue (𝜏 N = 1.49 ± 0.06 ns) (180). Although having previously been implemented in 

the operating room, FLIM must overcome several challenges before the technology can become 

a practical clinical tool. 
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2.4.4 Challenges for Clinical Translation 

Due to technological challenges in measuring lifetime decay on a picosecond timescale, only a 

handful of studies have been published on the application of time-resolved fluorescence  for 

Figure 2-9: Endogenous fluorescence lifetime imaging microscopy images of 
human buccal mucosa. 

(a)–(c) depict the intensity images, and (e)–(g) depict the average lifetime images 
from three areas: normal, tumor, and adjacent normal-tumor, their corresponding 
histograms are depicted in (d) for intensity and (h) for average lifetime. ONSCC, 
head and neck squamous cell carcinoma. Permission requested from the Cambridge 
University Press, Sun, et al., 2013. Endoscopic fluorescence lifetime imaging for in 
vivo intraoperative diagnosis of oral carcinoma. Microscopy and 
Microanalysis, 19(4), pp.791-798. 
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intraoperative margin detection of OSCC (176,178,193). Clinical integration of FLIM technologies 

(particularly in screening for disease, guided biopsies, or intraoperative imaging) has been 

significantly hampered by their 1) instrumentation requirements; 2) image acquisition methods; 

and 3) complex data processing techniques (Table 5) (62). Most FLIM studies evaluate the 

capabilities of laser scanning microscopy systems, however, their limited FOVs (intended for 

cellular research) are not applicable for large field, intraoperative, or clinical use 

(173,193,200,201). Repeated point measurements or probe attachments used to screen larger 

fields of view are laborious, time-consuming, and sacrifice the spatial resolution of the AF signal. 

These techniques thus offer little morphological information concerning the tissue under 

investigation. 

Table 5: Key limitations preventing the clinical translation of FLIM 

Limitations Clinical Challenges 

• Complex and expensive instrumentation 
and limited availability of light sources 
and sensitive detectors 

• Limits development of practical 
research/clinical instrumentation 

• Slow data acquisition speeds • Reduces the amount of data recorded 
from patients, thus impeding statistical 
evaluation of the results 

• Lack of analytical methods for accurate 
representation of fluorescence decay 
profile from measurements in tissues 

• Difficult to interpret the decay profile and 
its relationship to tissue pathophysiology 

 

FLIM systems typically require high repetition rate pulsed lasers or rapidly modulated continuous 

wave (CW) lasers (traditionally cost prohibitive for wide-scale investigation) to generate the 

temporal profile of the illumination pulse.  Additionally, improved methods for analyzing the 

complex decay profile of multiple lifetimes and quantitatively reporting lifetime changes in 

heterogeneous tissue are still required.  FLIM datasets are typically large and render the fitting of 

mono-exponential decay curves to experimental data very time-consuming and processor 

capacity-dependent (202,203); the additional post processing steps required to display the image 

further delay fluorescence lifetime mapping (202). Collectively, these issues are likely to preclude 
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FLIM spectroscopy and laser scanning systems from many intraoperative and clinical point-of-

care applications where mobility of equipment and computational speed are necessary to enable 

physician incorporation of data into their delivered treatment. 
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 DYNAMIC OPTICAL CONTRAST IMAGING  

3.1 Towards The Clinical Application Of Time-Domain Fluorescence 
Lifetime Imaging 

Taking into consideration the limitations to clinical translation of traditional FLIM systems (detailed 

in section 2.4.4), several techniques and algorithms have recently emerged to increase FLIM 

performance and recording speed of FLIM in biological and biomedical applications(204). 

Algorithms that require fewer images to calculate decay parameters have gained increased 

attention due their potential to permit in vivo real-time clinical imaging while staying under the 

limits of maximum excitation power as determined by resultant photodamage and the ANSI 

standards. Considering the simple case of a one-component fluorescence lifetime measurement, 

the fluorescence lifetime of the molecule may be calculated using at minimum two frames if the 

attenuation of the fluorescence intensity from the region of interest is measured at two different 

times (𝑡1, 𝑡2),  according to Equation 6-1 (184). 

 

𝜏 =
(𝑡2 − 𝑡1)

ln (𝐼1 𝐼2⁄ )
 (Eq. 3-1) 

 
In Equation 6-1, 𝐼1 and 𝐼2 are the fluorescence intensities detected at time 𝑡1 and 𝑡2. This algorithm 

is the rapid lifetime determination (RLD) algorithm. Benefits of the RLD algorithm are that it is 

non-iterative and minimizes the acquisition time (204,205). An assumption of the method is that 

the illumination profile on the detector corresponds to the true fluorescence decay of the sample. 

This is actually a source of accuracy error because the excitation laser pulse has a finite width 

and the laser pulse width should be at least two orders of magnitude shorter than the fluorescence 

lifetime of the fluorophore studied. If a wider laser pulse width were to be used in the RLD 

algorithm the convolution between the laser pulse and the fluorescence decay widens the 
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illumination profile and has been described to degrade the accuracy of RLD determined 

lifetimes(206).  

3.2 DOCI: Innovation and Theory 

Our research group designed and developed a clinically relevant system to generate clear and 

meaningful contrast from differences in fluorophore lifetimes without the need to compute 

absolute lifetime values. This optical imaging technology is termed Dynamic Optical Contrast 

Imaging (DOCI) (207–211). The intrinsic contrast mechanism utilized by DOCI is the same as 

utilized by FLIM in which the endogenous fluorophore lifetime of tissue is probed by illumination 

with a pulsed long-wave ultraviolet (UV) light source. However, in contrast to illumination using 

the narrow pulse of a laser the DOCI system relies on light from an  illumination source that is 

ideally a quasi-square wave and permits use of less expensive light emitting diodes (LEDs) with 

pulse shapes that are on the same order of magnitude as the lifetimes of the investigated 

fluorophores. Only two data points are acquired with this method that contain sample fluorescence 

(i.e., three frames are acquired overall if counting the background image). Each data point is 

produced via integration of the fluorescence intensity over a specific time interval. For the two 

data points containing sample fluorescence, the two time intervals are referred to as the “steady-

state” (producing the calibration image) and the “decay-state” (producing the decay image). The 

steady-state detected fluorescence serves as a reference peak  for normalization of the integrated 

intensity measured in the decay state. A detailed mathematical derivation was previously 

performed that details the merit of the DOCI contrast mechanism(210–212). Overall, through a 

unique image frame normalization scheme (illustrated in Figure 3-1) DOCI generates pixel values 

that are proportional to the aggregate fluorophore of the probed tissue without the requirement of 

fitting complex mathematical models to acquired data(213). This relaxes the requirements on the 

temporal profile of the illumination pulse and enables the replacement of picosecond pulsed lasers 
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(that are required for FLIM) with nanosecond pulsed light emitting diodes (LEDs). With these 

improvements the scalable mapping of fluorophore lifetimes over macroscopic (not microscopic) 

fields of view (FOV) has been possible within a relatively short time frame (~ 10 seconds per 

emission band), with all pixels acquired simultaneously. These improvements thus provide a 

significant step towards intraoperative clinical use. 

 

DOCI value per pixel =   
∫ 𝑓(𝑥)𝑑𝑥 

𝐶

𝐵
− 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

∫ 𝑓(𝑥)𝑑𝑥 − 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
𝐵

𝐴

    (Eq. 3-2) 

 

The strength of DOCI is that it converts fluorophore lifetime into contrast by computing the area 

under the decay time curve normalized to the steady state fluorescence. In the limit of stationary 

noise this process is robust to variations in obscurants and can produce significant contrast under 

low SNR. Further, unlike standard FLIM, contrast is enhanced when the gate width is increased 

as it increases the overall number of collected photons while reducing noise variance. The 

simplicity and intrinsic sensitivity of the technology enables rapid imaging of large (several 

centimeter) FOVs practical for clinical imaging. 
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DOCI utilizes a UVA band LED light source operated in relatively long pulse durations (~ 30 ns) 

with nanosecond order rise and fall times to produce contrast between fluorophores of different 

decay rates. A pictorial representation of this concept is displayed in Figure 3-1 and additional 

details are discussed in the subsequent sections. A nanosecond gated intensified charge coupled 

device (iCCD) is oriented to detect the fluorescence emission from the area of interest.  

 

Following normalization of the decay to the calibration image the resulting pixel values may 

alternatively be considered as a lifetime-weighted sample of the quantum yield from intrinsic 

Figure 3-1: Method of Dynamic Optical Contrast Imaging. 

Image modified and permission requested from John Wiley and Sons, Tajudeen, B.A., et 
al., 2017. Dynamic optical contrast imaging as a novel modality for rapidly distinguishing 
head and neck squamous cell carcinoma from surrounding normal 
tissue. Cancer, 123(5), pp.879-886. 
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biologic fluorophores. The fluorescence lifetimes of most tissue constituents of interest in head 

and neck imaging fall within the range of 1 ns to 10 ns (214–216). Thus, usually after 10ns 

following the illuminating LED reaching peak intensity the fluorophores in tissue are pumped to a 

steady state where the rate of fluorescence decay from the excited state equals the rate of LED 

dependent pumping to the excited state. The lifetime-dependent emission image is acquired at > 

10 ns following the illuminating LED reaching peak intensity because the dominant fluorophores 

in tissue must reach a steady excited state. This time is of course an approximation because the 

fluorescence lifetime (𝜏) of a molecule depends on competing decay pathways (i.e., radiative and 

non-radiative decay). To calibrate the fluorescence emissions acquired, images are captured: (1) 

mid-UV pulse duration (>10 ns) and termed “calibration image;” (2) at the beginning of illumination 

pulse decay, termed “decay image”. A third dark image (not shown) is obtained at over 10 times 

the longest expected decay for the purpose of flat-fielding the intensity and calibration images 

acquired by the detector. The decay image is then normalized (pixel wise by the calibration image) 

and the resulting pixel values are proportional to the aggregate fluorophore decay time of the 

illuminated area. These pixel values represent relative tissue lifetimes and are referred to as DOCI 

pixel values. DOCI relies on the fact that the longer lifetime fluorophores generate more signal 

than shorter lifetime fluorophores when referenced to their steady state fluorescence. 

 

This approach has many key strengths that make it ideal for clinical imaging. First, as discussed 

above, the computational technique is simple; lifetimes are not calculated, therefore curve fitting 

is not required. Second, relaxed lifetime calculations allow for longer pulse duration intervals and 

fall times (> 1 ns); thus, expensive lasers may be replaced with cheap LEDs driven by electronic 

pulses. The use of LEDs is not only cost-effective but yields additional information regarding the 

sample when probing with a nanosecond order rise and fall in illumination intensity. This is not 

apparent when compared with the picosecond-width (or shorter) impulse from a laser. 

Furthermore, the incoherent light emitted by an LED does not generate interference fringes when 
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exciting a larger area of interest. The difference in signal between the emission decay of two 

fluorophores is positively correlated with gate time. In other words, the longer the gate is open 

during the decay image, the larger the difference signal. In addition, the signal to noise ratio (SNR) 

significantly increases due to increased signal and decreased measurement noise arising from 

the integrative properties of the detector. This is in stark contrast to FLIM where gates need to be 

short to accurately sample the decay time. 

3.3 Regarding Standardized Lifetime Measurements 

Previous work on the system suggested a linear decay (in contrast to exponential decay) for the 

LED(s) may produce up to a 40% increase in detected signal (207,211). A simulation of three 

different possible LED decay functions and the resultant sample fluorescence is depicted in the 

upper panel of Figure 3-2. These square, linear, and exponential LED decay profiles were 

convolved with the exponential decay of a simple fluorescent system, the output of which is shown 

in the lower panel of the same figure. Following the assumption that the phenomenon of 

fluorescence may be modelled as a linear time-invariant system, both square and exponential 

decays naturally result in an exponential function for emitted fluorescence. Notably, a linear decay 

rate convolved with an exponential will result in a reasonably linear function (illustrated in red). In 

theory, this is the principle permitting standardization of DOCI values with actual fluorescent 

lifetime values along the linear region of fluorescence decay. However, this result may be affected 

by fluorophores with multiple conformational states of different lifetimes, and the presence of both 

multiple (and even orthogonal) fluorescence decay parameters that are common in biologic 

systems in contrast to reference dyes.  
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Figure 3-2: Simulated excitatory pulses with square wave, linear shut off, and exponential 
decay shut off behaviors. 

(Lower) Simulated sample fluorescence corresponding to the different pulse behaviors. 
Illustrated in red, a linear rising and falling excitation pulse will result in a linear measurable 
fluorescence, theoretically permitting standardization of DOCI ratiometric values to absolute 
values of fluorescence lifetime. Image adapted with permission of Aidan Pearigan. 
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 PILOT IN-VIVO CLINICAL TRIAL OF 
DYNAMIC OPTICAL CONTRAST IMAGING 
AT LARGE FIELD OF VIEW 

4.1 Introduction 

Head and neck cancer is the sixth most common human cancer, of which 48% are located in the 

oral cavity(217). The prognosis for patients with oral cavity squamous cell carcinoma (OSCC) is 

largely determined by the stage of disease at clinical presentation (34,218,219). Patients 

diagnosed with advanced OSCC have shorter survival times (5-year mortality, 85%, 75%, 47%, 

and 35% among patients diagnosed as having distant, regional, local, and in situ cancer, 

respectively) (20). Despite medical advances in the management of OSCC, the global incidence, 

morbidity, and mortality associated with this disease remains relatively unchanged over the past 

three decades (20,220–222). One of the major factors accounting for these dismal reports is that 

over 60% of OSCC cases are detected at a late stage (III or IV), when diagnostic evaluation, 

treatment, and management of complications and recurrences are often lengthy, complex, and 

burdened by poor outcomes (24,221,223).  

 

The primary surgical management of OSCC (successful when diagnosed at earlier stages) may 

result in significant functional morbidity; impairments in speech, swallowing, taste, smell, and has 

the potential to greatly affect the quality of life in these patients (33,34). Unfortunately, surgeons 

are only equipped with their natural senses of sight and physical touch to localize the contours of 

a tumor followed by limited frozen section biopsy to establish “clean margins”(2,3,224). 

Consequently, the determination of tumor margins by palpation and visual inspection has led to 

recurrence rates of 25-50% (5,6). These challenges substantiate both a clinical need for improved 

screening and a surgical need for intraoperative guidance to localize tumor margins. In order to 

address these challenges the aim was to translate the novel optical image-guided technology 
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(termed dynamic optical contrast imaging- DOCI) into a mobile system suitable for a preliminary 

in-vivo clinical trial.  

4.2 Materials and Methods 

4.2.1 System Design 

The key elements comprising the system were a nanosecond gated and cooled iCCD camera, 

motorized filter wheel, imaging lens, UV LED driver circuit, bright field illumination source (for 

image orientation), and a high voltage pulse generator (HVPG). The system diagram, 3D 

computer model, and photograph of the intraoperative implementation of the DOCI system are 

depicted in Figure 4-1. 

 

The illumination system was composed of 6 directional UV-LEDs (Thorlabs LED370E Ultra Bright 

Deep Violet LED) arranged in two series couplings of three LEDs each in a circular configuration 

(225). Notably, the model LED370E emits light at wavelengths centered around 375 ± 10 nm. 

Each light source had a half viewing angle of 19° and emitted 2.5 mW total optical power  from 

20 mA current. The LED illumination characteristics (i.e., pulse width and peak intensity) were 

measured using a fast photomultiplier tube and confirmed to be sufficiently linear with minimal 

ringing following the decay (210). The decay profile of the LED was approximately exponential. 

Under these operating parameters, the UV illumination delivered the maximum average optical 

power approximately 4.5 uW at the focal plane and a pulse width of 30ns. A 100 Khz repetition 

rate of 30 ns pulse width generated a low duty cycle that permitted over driving the LEDs while 

maintaining thermal stability for long-term use. The energy from 375 nm photons was sufficiently 

low to avoid any measurable DNA damage under the planned exposure to UV fluorescence [87]. 

The total exposure of patients to UV radiation was well below the maximum permissible exposure 

(MPE) limit as defined by the American National Standards Institute (Z136.1-2014). 

https://paperpile.com/c/POL0zO/aMJd
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A high-voltage pulse generator (HVPG), Avtech, operating at 100V peak voltage and 100 kHz 

repetition rate determined the LED pulse width. The pulse profile of the generator was set at 46ns 

pulse width with approximately ~1ns rise and fall times. The pulse generator also was attached 

to the iCCD system to supply a trigger signal for the image capturing process to occur at the 

correct time around the optical pulse.  Imaging delays were adjusted to fit the delay of the circuit 

allowing for visualization of the rise and steady state at the beginning of the imaging period.  

The key elements of the detection arm were the lens, filters, and camera. The nanosecond gated 

iCCD camera (iStar, Andor technology) captured the intensity images of fluorescence calibration, 

decay, and background signal. Detailed specifications of the detector are presented in   Table 

6.The camera was operated with a gate width of 30ns to capture the fluorescence decay. The 

pulse generator triggered the gating to synchronize the optical illumination with image acquisition. 

A 50 mm focal length, f/2.8 imaging lens provided a field of view of 6 cm x 6 cm at a standoff of 

12 cm, a key feature of this system making it suitable for intraoperative use. 

  Table 6: Specifications of iCCD Camera. 

Parameter Value 

Model Andor iStar 334t iCCD 

Pixel matrix 1024 x 1024 

Pixel size 13 um 

Max frame rate (full frame) 4.2 FPS 

Max frame rate (ROI) 333 FPS 

Pixel well depth 100,000 e- 

Lowest read noise 5 e- 

Min. dark current 0.1 e-/pix/s 

Time-resolution < 2 ns 

Cooled Temperature (Cº) -25 

 

Tissue relative lifetime values typically display a large variation with respect to emission 

wavelength, and additional contrast and discriminatory power could be generated by analyzing 

the fluorescence emissions in specific spectral bands (173,174,226). For this purpose, two 6-slot 

motorized filter wheels (Edmund Optics) were used that in total contained eleven bandpass filters 
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(Semrock) centered at: 407 nm, 434 nm, 465 nm, 494 nm, 520 nm, 542 nm, 572 nm, 605 nm, 

652 nm, 676 nm with ~20 nm bandwidth each, along with a 405nm long-pass UV filter, in order 

to obtain filtered spectral signal. A second UV rejection filter (Edmund Optics, 405 nm longpass 

filter) was used in conjunction with the bandpass filters to further reject reflected UV illumination. 

The system was designed on top of a custom built mobile cart with extending boom suitable for 

use in the operating room. Standardization with fluorescein and other reference dyes of known 

lifetime was conducted and is reported separately (210).  

 

4.2.2 Study Safety and Approval 

Study approval was obtained from the Institutional Review Board of the University of California at 

Los Angeles. Patients undergoing surgical resection for head and neck SCC, cutaneous 

melanoma, or cutaneous BCC were identified on a prospective basis. When a patient presented 

to clinic with a newly diagnosed lesion and surgery was recommended, the patient was asked for 

voluntary participation in this study to allow imaging with DOCI during their procedure before 

Figure 4-1: Design, model, and application of intraoperative imaging system. 

(A) System diagram of key elements of DOCI system with CAD model of system assembly. (B) 
Constructed DOCI system mounted on translational arm in the operating room during procedure. 
Permission requested from Wolters Kluwer, Pellionisz PA, Badran KW, Grundfest WS, St John MA. 
Detection of surgical margins in oral cavity cancer: the role of dynamic optical contrast imaging. 
Curr Opin Otolaryngol Head Neck Surg. 2018 Apr;26(2):102–107.  
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routine histopathological analyses. Before surgery the risks were discussed with the patient and 

an opportunity for questions was provided. All patients provided signed written consent for 

involvement in the study. All patients received the standard of care and results from the 

investigational DOCI system were not used to make clinical decisions. This study neither 

lengthened the standard procedures the patients received nor delayed their care or efficacious 

treatment. 

4.2.3 Patient Population 

The demographics for the complete patient population consented for the study are presented in 

Table 7. In vivo and ex vivo imaging with the DOCI system was conducted for 62 patients over a 

12 month period. In total, 207 imaging sessions were conducted, with 154 sessions successfully 

completed for a 53 unique patient dataset. Locations for DOCI imaging included both clinical and 

surgical settings of the Head and Neck Department and Surgical Dermatology Department at 

UCLA Ronald Reagan Medical Center in Los Angeles, California. All head and neck SCC cases 

were from the department of Head and Neck Surgery where the surgeon performed resection via 

wide local excision. All but two cases of Melanoma and BCC were from the department of Surgical 

Dermatology where the surgeon performed Mohs micrographic surgery for tumor resection.  
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Table 7: Summary of patient demographics and clinical characteristics 

Characteristic Patients enrolled 
Imaging 

completed 

Presented in 

comparative 

analyses  

    

Total # of subjects 62 53 24 

Gender    

Male 46 39 14 

Female 16 14 10 

Race    

White 50 45 21 

Asian 5 3 1 

Black 1 1 0 

Other/Unknown 6 4 2 

Ethnic Category    

Hispanic/Latino 4 4 1 

Not Hispanic/Latino 58 49 23 

Age, years    

Mean 64.95 65.75 63.25 

St. Dev. 15.67 15.19 12.35 

Range 23 – 86 28 – 85 35 – 75 

≤ 65 28 21 9 

> 65 34 32 15 

Tumor type    

SCC 37 32 16 

BCC 9 8 5 

Melanoma 4 3 3 

Other / Unknown 12 10 0 

Anatomic region (SCC)    

Oral Cavity* 25 23 16 

Scalp 6 3 0 

Ear 3 3 0 

Neck 1 0 0 

Other 4 3 0 

*Oral cavity included: tongue, lip, gingiva, buccal mucosa, palate, and floor of mouth. 

 

4.2.4 Imaging Protocol 

Following patient consent, DOCI imaging was conducted with the mobile system (detailed in 

4.2.1). First, the clinician demarcated the area of interest and a DSLR image was acquired for 

purposes of future orientation. Next, the patient chair or operating table was lowered and the 

extensible arm of the DOCI system was oriented above the area of interest. Two 1mW red laser 
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pointers attached to the edges of the imaging lens converged into a single spot at exactly the 

focal length of the imaging lens. This permitted quick adjustment to ensure correct focus was 

achieved between the DOCI system and the area of interest. The two low-power lasers were then 

switched off and the room lights were asked to be switched off. The DOCI imaging sequence was 

then initiated on the system controlling computer. The first filter wheel contained red, green, and 

blue filters in order to recreate an intensity image for future comparison together with the DSLR 

image. Next, bandpass filters automatically rotated position at  10 second intervals per filter 

position. Once all images using the first filter wheel were acquired, a second filter wheel was 

switched into position in about 20 seconds time. Thus, the complete duration of the image 

acquisition session was about 2 minutes. Both intensity and calibration images were saved to the 

microscope controlling computer and processed after the surgery was completed (detailed in 

4.2.6). If authorized by the lead clinician, this imaging process was repeated for the tumor bed (in 

vivo)  immediately following resection and also for the excised tissue specimen (ex vivo) within 

about 15 minutes to at most 2 hours following surgical tissue resection. The DOCI system was 

used with the same settings and imaging protocol in both clinical and surgical environments.  

4.2.5 Ex-Vivo Tissue Confirmation With Histology  

The process of ex-vivo tissue inking and registration was continued from our previous works and 

is demonstrated in Figure 4-2 (210). First a DSLR image is taken of the designated area for 

purposes of future orientation. Following surgical resection both a grayscale intensity photo and 

the multi-spectral relative lifetime images are acquired using the same detector. A surgical 

marking pen is then used to annotate lines on the sample based on observable morphological 

features. These lines are inked in multi-color dyes, and another DSLR photo is obtained, once 

again for future reference. The inked tissue is then processed according to standard protocol in 

surgical pathology, and notes by pathologist or technician are added to the patient chart regarding 
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the histology slides that correspond to each inked line. Thus, the obtained histology serves as the 

ground truth to confirm DOCI contrast.  

 

4.2.6 Statistical Image Analyses 

The algorithm and explanation behind the creation of the primary DOCI image are detailed in 

section 3.1. In brief, three intensity images were acquired per filter for a total of 33 individual 

images per imaging session. For each wavelength, the background image was subtracted from 

both the calibration and decay frames. Both images were converted to double format and the 

decay image was then divided element-wise by the calibration image to produce the raw DOCI 

image. Any value exceeding the maximum threshold of one was set to the maximum value of one. 

Any value below zero or not a number was set to the minimum value of zero. The stretchlim() 

function was utilized to stretch the intensity histogram of the raw DOCI image to the 2nd and 98th 

percentile image upper and lower thresholds in order to increase available image contrast. This 

was done even if the percentage of saturated pixels was zero. Contrast stretching is a linear 

normalization that stretches the original interval of pixel intensities of an image and fits the 

Figure 4-2: Image registration protocol.  
Scale bars: 1cm.  
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interval to image maximum and minimum values, thus maximizing the entire dynamic range 

in a linear and reproducible fashion. This is in opposition to histogram stretching, which is 

sensitive to outliers, and often results in images that have poor contrast without any percent 

thresholding. It is usually better to accept some small amount of visual saturation, in order to 

produce more contrast between pixel values at the extreme values. The normalized and contrast 

stretched grayscale image was then used for quantitative statistical comparison.  

 

For qualitative comparison, a two-dimensional (7x7) median filter was applied. An advantage of 

the median filter is that the modulation of signals oscillating over a period less than the width of 

the median window may be reduced. At the same time, the gray values of constant or 

monotonically increasing signals on a scale larger than the window size may be preserved. In 

other words, the variance of additive noise is reduced while edge structure is conserved(227). 

Thus, this filter removed gaussian noise in the image and preserved edges to a greater degree 

than using an average filter. A Jet colormap was then applied in order to permit discrimination by 

color and not just pixel intensity. This image processing and computation was performed in 

batches and automated with Matlab (Mathworks 2019b). 

 

For In Vivo Imaging of SCC and preneoplastic lesions in the oral cavity, acquired images were 

segmented into 80x80 pixel regions of interest. This was accomplished by drawing manually 

delineated region of interest masks based on macroscopic appearance and histopathological 

correlation with the instruction of the Head and Neck clinician supervising the study and a 

pathologist from the department of Surgical Pathology. The masks were overlaid on to the 

corresponding fluorescence images and applied to the statistical processing of the DOCI 

fluorescence images. For each patient, matched pairs of ROI’s were generated of either normal, 

lichen planus, leukoplakia or squamous cell carcinoma, compared to an adjacent normal 

appearing mucosal region of the oral cavity. For in vivo SCC comparison the lower lip was used 
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in two cases whereas all other matched pairs were from the tongue. The sample distribution 

consisted of five normal, five lichen planus, three leukoplakia, and eight SCC matched pairs of 

ROIs. Within a matched pair of ROIs of one patient, the mean intensity of aggregate pixel 

populations with pooled variance was calculated using Matlab and used for tissue region 

comparison. The absolute difference between two ROIs was measured and evaluated 

statistically, thus both a decrease or increase in signal intensity were equally represented in terms 

of the positive difference from adjacent normal tissue.  Segmentation and ROI analyses were 

conducted with ImageJ (version 1.9.0_112) using the ROI tool with data organized using Matlab  

(Mathworks 2019b).  

 

Pixel populations of the normalized and contrast stretched DOCI image were compared in order 

to quantify relative differences between tissue types across unique spectral bands of detection. 

Nonparametric test of the aggregate pixel populations between tissue types was conducted with 

GraphPad software (Graphpad Software, San Diego, CA). The non-parametric Kruskal-Wallis test 

was used as a more stringent alternative to a one-way ANOVA with subsequent comparisons 

evaluated using Dunn’s multiple comparison test with alpha set at 0.05. All data expressed as 

mean ± the standard error of the mean (SEM).  
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Steady-State Image 

Contrast Stretching 

Figure 4-3: Image processing from acquisition to display. 

(A) intensity image (B) Calibration image. (C) DOCI image following division of decay 
image by steady-state image. (D) Threshold and scaling of data. (E) 7x7 2Dmedian 
filter. (F) Jet colormap. Resected SCC from floor of mouth (procured by Shan Huang 
for analyses). 

A B 

C D 

E F 
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4.3 Results  

4.3.1 Application Of DOCI For Premalignant And Malignant Oral 
Lesions 

In vivo results from both Head and Neck Surgery and Surgical Dermatology are summarized in 

Table 7. The cohort of patients enrolled in the study had a mean age of 64.95 years, were 

predominantly white (50/62) with about three times more males than females (46:16). The age 

ranged from 23 – 86 years with 34 patients over age 65 and 28 patients of age 65 or less. 

Concerning SCC from the oral cavity, 25 patients that presented to the Head and Neck Surgery 

department signed consent to participate in the study and 23 completed the imaging session 

without interruption. An imaging session was considered completed if all 33 individual images 

were successfully acquired and recorded by the imaging system. In one case the imaging system 

ran out of power and the session needed to be aborted. In the other case a medical emergency 

prevented image acquisition. Of the 23 cases there were 6 patients with SCC of the lateral tongue 

and 2 with SCC of the lower lip. Preneoplastic lesions (leukoplakia, N = 3) and inflammatory 

lesions (lichen planus, N = 5) all occurred on the tongue. The sample size for the normal 

population was (N = 5) patients. In total, these three groups amounted to 24 patients with mean 

age 63.25 years, ranging from 35 to 75. The majority of patients were white (21/24) and there 

were more males than females (14:10). Examples of each lesion, ROI pixel areas compared, and 

DOCI images of the respective area, are presented in Figure 4-4. In the figure (A,D) The second 

and third column of panels are horizontally flipped for the purpose of consistent orientation 

between all images. Also in the figure for panel (B) and (C) a DSLR image is substituted for the 

basic intensity image of tissue since the original frames were obscured by glare from high-

intensity clinical spotlights.  
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Statistical analyses comparing the median ROI values in Lichen Planus/Leukoplakia/SCC vs. 

adjacent “healthy” and visually normal tissue indicated that spectral features of median relative 

autofluorescence lifetime showed statistically significant distributions between certain spectral 

channels. Detailed in Table 8, the median pixel value for was significantly different for normal vs. 

SCC in two channels  (676nm and UV longpass) and normal vs. leukoplakia in one channel (UV 

longpass). Normal vs. Leukoplakia was trending towards significance (p = 0.06) in the 676nm 

spectral channel. Normal vs. Lichen planus was also trending towards significance (p = 0.08) at 

Figure 4-4: Intensity, DOCI, and ROI boundaries for intensity and relative lifetime 
comparison of patients with lichen planus, leukoplakia, SCC, and visually healthy 
superficial mucosa of the tongue.  

(A-D) Steady-state intensity images of the region of interest; (E-H) ROIs used between 
target and adjacent normal tissue; (I-L) Spectral wavelength with largest difference 
between paired regions of interest;. UV* is a long-pass 405nm filter. Scale bar, 1cm. 
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the 494 nm channel. Contrast appeared almost entirely in the 494nm spectral band, and all 

spectral frames are included for review in Appendix A2. While not statistically analyzed, qualitative 

contrast remained upon imaging the tissue area ex vivo and was absent on the medial/deep 

surface (Appendix A2). In vivo, the median pixel population difference between lichen planus vs. 

normal was marginally significant at (0.08) while SCC vs. normal was not significantly different (p 

> 0.99) in the 494 nm spectral channel. These differences in DOCI pixel contrast are graphically 

illustrated across all spectral channels in Figure 4-5.  Lesions from the scalp, ear, neck, deep oral 

cavity and other areas of the face did not consistently yield enough fluorescent signal for 

comparative studies.  
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Relative fluorescence lifetime spectroscopy of in vivo tissue using dynamic optical
contrast imaging
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Figure 4-5: Relative fluorescence lifetime spectroscopy difference in oral cavity. 

Scale bars indicate SEM.  
 

Table 8: Statistical analysis for in vivo spectrometry. 

Kruskal-Wallis 0.15 0.29 0.81 0.03 0.72 0.50 0.40 0.37 0.06 0.008 <.001 

Normal v. 
Lichen Planus 

>0.99 >0.99 >0.99 0.08 >0.99 >0.99 >0.99 >0.99 >0.99 >0.99 >0.99 

Normal v. 
Leukoplakia 

0.25 0.97 >0.99 >0.99 >0.99 >0.99 >0.99 >0.99 0.31 0.06 0.003 

Normal v. SCC >0.99 0.88 >0.99 >0.99 >0.99 >0.99 0.71 >0.99 0.35 0.02 0.008 

Lichen Planus v. 
Leukoplakia 

0.25 >0.99 >0.99 0.36 >0.99 0.78 >0.99 >0.99 0.31 0.40 0.08 

Lichen Planus v. 
SCC 

>0.99 >0.99 >0.99 0.04 >0.99 >0.99 >0.99 >0.99 0.35 0.31 0.30 

Leukoplakia v. 
SCC 

0.95 >0.99 >0.99 >0.99 >0.99 >0.99 >0.99 >0.99 >0.99 >0.99 >0.99 

 Spectral band 
(nm) 

407 434 465 494 520 542 572 605 632 676 *UV 

P-value for Kruskal-Wallis test displayed in top row. Specific tests performed per condition with 

Dunn’s multiple comparison. Significant results are highlighted in red.  

*UV is a long-pass filter. 
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4.3.2 Application Of DOCI In Mohs Micrographic Surgery For 
Cutaneous Malignant Melanoma And BCC  

In vivo results from both Head and Neck Surgery and Surgical Dermatology are summarized in 

Table 7. Concerning cutaneous BCC there were 6 patients that received Mohs micrographic 

surgery and 3 that received wide-local excision. Of the 3 that received wide local excision there 

were 2 imaging sessions that were not completed and 1 that was not in focus at the region of 

interest during acquisition. Of the 6 that received Mohs surgery all 6 were completed but one case 

was not included in the analyses because the room lights needed to be turned on midway through 

the imaging session. The anatomic locations of these 5 included cases were: 3 scalp, 1 arm, 1 

leg. An example of a BCC lesion imaged in vivo with accompanying ex vivo section and histology 

is displayed in Figure 4-6. Regarding cutaneous MM there were 4 patients imaged in the 

department of Head and Neck Surgery and 3 imaging sessions were completed. All 3 anatomic 

locations were from the scalp.  
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Figure 4-6: BCC encircled before Mohs micrographic surgery. 

Top left, Intensity image of BCC in clinic before resection. Top middle, DOCI image of same region 
as top left. Bottom left and bottom middle are the same regions as above with Jet colormaps. 
Top right is the resected BCC. Bottom right is histology consistent with diagnosis of BCC. FOV is 
6x6 cm. Scale bar on Histology is 0.5cm 
 

  

Intensity image DOCI image Excised Pathology

Intensity Jet Colormap DOCI Jet Colormap H&E Histology

1 cm 5 mm 
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Statistical analyses comparing the median ROI values in BCC/Melanoma vs. adjacent normal 

tissue indicated that spectral features of median relative autofluorescence lifetime significantly 

differed in their distributions between certain spectral channels. Detailed in Table 9, the median 

pixel value was significantly different for normal vs. BCC in two channels  (542 nm and UV 

longpass). Relative lifetimes were consistently smaller for areas of BCC  at spectral bands 434-

520nm and typically appeared higher at 632, 676, and UV longpass bands. Additional complete 

image sets demonstrating results are presented in Appendix A4. 

Intensity Image DOCI

Intensity + Jet DOCI + Jet

Figure 4-7: Intensity and Relative Lifetime Images of Cutaneous Malignant Melanoma. 

1 cm 
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There was no consistent relationship between MM relative lifetime values and areas of normal 

surrounding skin, and MM was not statistically significantly different in any recorded spectral 

channel. The sample size of the normal population was (N = 5). Notably, more contrast was 

visualized in resected tissue with Melanoma (presented in Appendix A1) than under in vivo 

conditions, which was not observed for SCC nor BCC. These differences in DOCI pixel contrast 

between relative regions of interest for BCC, Malignant Melanoma, and adjacent normal tissue 

are graphically illustrated across all obtained spectral channels in Figure 4-8. 
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Relative fluorescence lifetime spectroscopy of in vivo tissue using dynamic
optical contrast imaging
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Figure 4-8: DOCI values for cutaneous BCC and melanoma compared to adjacent normal 
tissue. 
Scale bars: SEM 

 

 

Table 9: Statistical analysis outside oral cavity. 

Kruskal-Wallis 0.17 0.29 0.22 0.16 0.11 0.04 0.32 0.90 0.45 0.16 0.003 

Normal v. BCC 0.18 0.33 0.18 0.21 0.08 0.03 >0.99 >0.99 0.45 0.25 0.007 

Normal v. 
Melanoma 

0.27 0.35 >0.99 >0.99 >0.99 0.35 0.24 >0.99 0.65 0.17 0.67 

 Spectral band 
(nm) 

407 434 465 494 520 542 572 605 632 676 *UV 

Exact p-value for Kruskal-Wallis multiple comparisons test displayed in top row. Specific tests 

performed per condition with Dunn’s multiple comparison with p-values reported adjusted for 

multiple comparisons. Significant results are highlighted in red.  

*UV is a long-pass filter. 
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4.4 Discussion 

4.4.1 In Vivo Imaging Of SCC And Oral Cancer Screening 

Using a novel relative lifetime imaging system (228) wide-field relative lifetime maps were created 

from unstained tissue in vivo. Oral SCC lesions were successfully imaged in 8 patients, 

leukoplakia in 3 patients, and lichen planus in 5 patients, yielding statistically significant 

information from different spectral bands. The exceptionally large field of view (6x6 cm) and short 

acquisition time (10 seconds per spectral channel) enabled quick and simple in-vivo imaging in 

both the clinical and surgical settings.  

 

The multispectral relative lifetime images were processed offline to generate widefield maps of 

endogenous fluorescence lifetime. Notably, statistical analysis revealed that normal tissue could 

reproducibly be differentiated from lichen planus, leukoplakia, and SCC independently at the 

wavelengths of 494, 676, and 405nm+ (UV longpass). The tongue was the most common site for 

intraoral carcinoma in our study and our small sample population accurately reflected worldwide 

incidence where the tongue statistically accounts for around 40% of all cases in the oral cavity 

proper.  

 

The LED-based light source illuminated tissue at 375nm and the changes observed in the 407nm 

band for Leukoplakia may possibly be related to collagen and or elastin. Interestingly however, 

breakdown of collagen crosslinks in connective tissue and an overall decrease in lifetime were 

expected in leukoplakia and SCC (~400nm range), yet such a change was not observed in both 

conditions. While an increase in both epithelial thickness and tissue optical scattering were 

expected in dysplastic and cancerous change it is possible that these differences are more 

pronounced with intensity as opposed to lifetime measurements. The detected fluorescence at 
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the longer wavelengths of 632 and 676nm may be from porphyrins which would be present in 

increased amounts in neoplastic tissue.  

 

Eight spectral bands did not provide statistically significant information regarding the studied 

patient groups. Lifetime changes from NADH and FAD were expected near 450 and 500nm and 

their absence raises questions concerning the overall optical power of the system. If continued 

studies confirm this finding then there will be a possibility to eliminate these filters and thus reduce 

the overall time that is required to complete an imaging session. It is also possible that unique 

versions of the system may be created that are specific to a particular clinical application. 

Considering the distribution of paired normal tissues the variance is much lower in Figure 4-5 in 

comparison to Figure 4-8. This may be due to additional scattering and attenuation by the 

presence of a keratinized layer in cutaneous epidermal tissue compared to intraoral mucosa. 

 

Additional studies will be necessary to confirm the unique change in fluorescence lifetime for 

lichen planus at the 494nm band. These early results, however, suggest a unique feature that 

could possibly serve as a novel fluorescence lifetime biomarker to differentiate a commonly 

misdiagnosed benign condition. Thus, this preliminary clinical study provides promising results 

concerning the use of biochemical and metabolic autofluorescence biomarkers of oral precancer 

and cancer for potential patient screening.  

 

The significant majority of patients with HNC present with SCC of the oral cavity, and this finding was 

confirmed in the first clinical trial with the imaging system, in which 25/37 (67.6 %) of patients with SCC 

had lesions in the oral cavity. Unfortunately, only 8/23 (34.5 %) of the completed imaging sessions 

yielded enough contrast to resolve any morphological structure in the DOCI image. A likely cause of the 

low to no signal could have been the inability of light from the large 4” diameter circular array to illuminate 

the inside of the oral cavity and reach the fluorophores of interest.  This large diameter was originally 
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designed to accommodate the detection zoom lens and uniformly illuminate the sample at the focal 

plane of the lens.  This issue presented not only when imaging inside the oral cavity but also when 

attempting to image the parathyroid glands. A wider entrance angle could theoretically be achieved 

additional surgical resection but that solution would be counterproductive to the goals of minimally 

invasive surgery. Given the promising results from clinical application of the system towards 

preneoplastic and neoplastic lesions of the tongue, an endoscopic attachment was simulated and 

evaluated as a possible option (detailed in 9.2.1). 

4.4.2 In Vivo Imaging Of Malignant Melanoma And BCC 

Autofluorescence spectral measurements were made on different cutaneous neoplastic lesions, 

namely basal cell carcinoma and malignant melanoma. The complex geometry and surface 

irregularities in both tumors and resected specimens of SCC quickly proved a challenge for 

recording accurate lifetime measurements, especially considering the absence of any 

exogenously used contrast material. In order to mitigate this issue and reduce the overall size of 

the targeted area and the variation in surface contour, a subset of patients were imaged in the 

Surgical Dermatology suite at UCLA where patients underwent Mohs micrographic surgery. 

Unintentionally and by chance, nearly all of the patients imaged with the DOCI system at this 

department presented with BCC, making it a logical grouping of cases for comparison. The 

prototype DOCI system permitted statistically significant tissue discrimination between BCC and 

adjacent healthy normal tissue between the averaged values across all samples tested. The 465, 

494, and 520nm bands yielded a considerably different lifetime between the majority of samples 

that may warrant a higher powered study with a larger sample size. At 434-520nm band BCC 

showed consistently smaller relative lifetime values that are in agreement with previously reported 

results.(165) In this study the lifetimes at these bands (across all samples) were either not 

statistically significant because the sample size was too small, or because the expected mean 

lifetime difference (32 – 186 ps shorter than paired normal regions) was too short to resolve. 
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Considering that the expected difference was under half a nanosecond it was very encouraging 

in terms of the temporal resolution of the system to see that the results were trending towards 

significance and were significant for the 542nm band.  

 

These results suggest that application of this new technology towards Mohs micrographic surgery 

seems very promising. At 375nm, the tissue penetrance of incident light is under 100um (182). 

This limitation seems best suited for Mohs surgery where cutaneous tumors are removed by 

repeated resection of thin slices. Ideally, in the future DOCI may provide valuable information to 

the Mohs surgeon during the operation and possibly reduce the total duration and cost of the 

procedure. From our results of imaging the tumor bed an issue encountered were the image 

artifacts due to wound cauterization and reduced signal due to the absorbing effects of blood. 

Possible solutions for future experiments may be irrigation of the surgical bed and local 

epinephrine injection for purpose of blood vessel vasoconstriction.   

 

The lifetime maps appeared to provide greater visual contrast than the intensity maps but actually 

less morphological information than intensity images. This was especially apparent in the relative 

lifetime maps generated for cutaneous malignant melanoma. It is well known that solar elastosis 

increases with age but this may not have been a factor since the mean age for patients in the 

melanoma and BCC cohorts were similar at (73.3) and (70.6), respectively. While the results are 

confounded by surgical approach there may be additional factors contributing to the minimal 

contrast observed for MM targets imaged. Foremost, the early diagnosis of malignant melanoma 

has been described as the most challenging application in dermatology(229). Since both melanin 

and red blood cells are strong UV absorbers, one possible hypothesis is that increased blood 

vessel recruitment and melanocyte production are strongly attenuating the incident light. 

Melanoma was the only disease where DOCI contrast actually increased ex vivo (Appendix A1) 
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This finding may have some relation to the blood that drained from the tumor nodule during 

excision. 

  

In literature a greater fluorescence lifetime contrast has been reported between BCC and adjacent 

normal tissue for the nodular and superficial variants of BCC compared to infiltrative, 

micronodular, and mixed subtypes (165). This finding may be interesting to validate and pursue 

with DOCI imaging in future experiments  

4.5 Conclusion 

These results are the first examples of in-vivo tissue differentiation based on relative lifetime 

contrast at 6x6cm FOV. In future applications, this feature may be exploited for the choice of 

biopsy site and possibly reduce the limitations associated with random sampling. 

 

Relative lifetime images from different tissues also revealed unique spectral features for individual 

states of disease before tissue biopsy. The unique spectral signatures may be used for detection 

of presence of pathological alterations in the investigated tissues. The absence of image contrast 

for malignant melanoma in-vivo and ex-vivo SCC also provide valuable information regarding 

suggested inclusion criteria for a larger scale clinical study. For malignant melanoma, it may be 

more feasible to use DOCI for imaging margins on ex-vivo specimens while the opposite may 

hold true for larger resections of SCC.  

 

This preliminary study yields encouraging results concerning the translation of the technique 

towards the new clinical application of Mohs micrographic surgery that is worthy of further study 

with a lens of increased magnification. Since the procedure is conducted in a smaller patient room 

it is much more feasible to completely darken the room during imaging, thus significantly reducing 
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background noise in acquired images. In addition, the repeated thin sections obtained by the 

surgeon reduce the limitations posed by the shallow tissue penetration depth of the DOCI system. 

An image-guided technique with histologic resolution may have significant potential in reducing 

the time spent waiting on frozen sections. 
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 EX-VIVO HNSCC IDENTIFICATION WITH 
IMPROVED SYSTEM 

5.1 Introduction 

Oral and head and neck squamous cell carcinomas (OSCCs) are debilitating diseases for which 

a patient's prognosis heavily depends on complete tumor resection. The establishment of margin-

free resection, however, is often difficult given the devastating side effects of aggressive surgery 

and the anatomic proximity to vital structures. Positive margin status is associated with 

significantly decreased survival (13,230). Currently, it is the surgeon’s fingers that determine 

resection margins by palpating the edges of the tumor. Accuracy varies widely based on the 

experience of the surgeon and the location and type of tumor. Prior efforts to use a variety of 

optical and ultrasonic techniques for margin detection have not succeeded clinically for several 

reasons. These methods include standard autofluorescence, Raman spectroscopy, diffuse 

reflectance, and infrared imaging (231–237). While promising results have been reported, these 

techniques generally suffer from a sensitivity to imaging confounders encountered in vivo and in 

intraoperative settings. In our prior works, DOCI has been used to generate statistically significant 

contrast between tumor and surrounding normal tissue in resected tissue (ex vivo) from OSCC 

patients (228,238,239).Following the addition of a redesigned circuit board, higher power LED, 

and numerous optimized system components the performance of the system was evaluated 

through ex vivo study of resected OSCC tissues. In this study we made several improvements to 

our system and conducted a higher resolution study into the lifetime response of studied tissue to 

our unique LED pulse profile.  
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5.2 Materials and Methods 

5.2.1 Human Tissue Collection And IRB Approval 

Study Design: In this pilot study, patients undergoing surgical resection for primary HNSCC were 

identified on a prospective basis at UCLA medical center. When surgery was recommended, the 

patient was asked for voluntary participation to allow DOCI imaging on resected tissue following 

their operation. All patients provided signed written consent for study involvement. We did not 

lengthen the standard procedures patients received nor delay care for efficacious treatment. 

Study approval was obtained by the institutional review board of the University of California at Los 

Angeles. 

5.2.2 System Design And Verification 

 

 

 

Figure 5-1: Imaging system components. 

(a) Dual output function generator (b) LED driver board (c) 365nm LED (d) light guide (e) 
collimating lens (f) excitation of endogenous fluorophores in tissue (g) UV filter (h)zoom lens (i) 
motorized filter wheel with bandpass filters (j) iCCD camera (k) computer controller and 
display. 
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Illumination Source 

One of the key elements of the presented technique is the reliance on light emitting diodes LEDs 

for illumination. The LED is a semiconductor diode that produces light in a non-coherent and 

divergent fashion. Overall, the two main areas of interest were (1) increasing the radiant flux for 

exciting tissue fluorophores and (2) driving the LED with a suitable pulse to achieve nanosecond 

order rise and fall times.  

 

In order to increase available photons from fluorescence the amount of incident light upon tissue 

needed to be increased. Recent advances in the availability of higher power UV-A emitting LEDs 

permitted an increase in radiometric flux of over two orders of magnitude compared to the 

previous source. The detailed specifications of the original Thorlabs 370E model and the new 

LED from Luminus are presented in Table 10. 

 

Table 10: Specification of illuminating LED diode. 

Parameters* Thorlabs 

370E 

Luminus 

SST-10-UV-A130-E365-00 

Peak Wavelength Range (nm) 375 (±10) 370 (±5) 

DC Forward Current (mA) 30 1000 

Radiometric Flux (mW) 2.5 (20 mA) 875 

FWHM at 50% of Φ (nm) 10 10 

Viewing angle (degrees) 38 130 

*Manufacturer quoted specifications.  

 

 
Previously conducted experiments determined that an increased voltage from the pulse generator 

to the LED above a threshold caused a secondary peak in later decay. The appearance of 

electrical reflections in the noise floor served as the previous limit for the maximum voltage used 

to drive the LEDs. Design constraints for the new circuit board included under 10% amplitude 

variance in steady-state at peak intensity, ideally linear LED decay with 90-10% change within 

about 5 nanoseconds. Ideally linear rise time was a secondary priority. 
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Illumination at focal plane 

The power of incident illumination was test at the focal plane of the detection lens with using a 

portable silicon-based power meter (Edmund Optics). Measurements for each cm2 of the two by 

two cm field of view are presented in Figure 5-2. The average power per square cm was 2.63mW. 

By normalizing results, measurements may be taken from all parts of the field of view without 

concern for inhomogeneity in illumination profile. This was demonstrated through acquisition of 

signal from 16 ROIs distributed over the focal plane with results plotted in Figure 5-3. In panel (A) 

the different peak amplitudes may be noticed between ROIs from different regions of the field of 

view. In panel (B), following normalization, the signal from all ROIs demonstrate the same pulse 

profile detected from the LED.  

 

  

Figure 5-2: Light intensity at focal plane. 

16 ROIs distributed in the field of view measure light intensity distribution at the focal plane. 

2.10mW 3.02mW 

3.09mW 2.30mW 
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Figure 5-3: Method of image normalization in imaging system. 

(A) Inhomogeneity in illumination results in different measured intensities between the ROIs. (B) 
Normalizing each pixel population to peak intensity results in system insensitivity to illumination 
inhomogeneity. 

z 
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Experimental verification of filter transmittance 

The optical response of the LED was measured using the Andor iStar 334T camera. Spatial 

resolution was determined using a fluorescent 1951 USAF target (Edmund Optics) with peak 

excitation at 365nm and peak emission at 550nm. The filters were individually tested using a 

compact spectrometer (Thorlabs CCS200) with extended range (200-1000nm) and 

accompanying Thorlabs OSA software for PC. The spectra from each filter was normalized and 

plotted altogether using Matlab 2019b (Mathworks) with custom written code. The results are 

plotted in Figure 5-4. 

 

System controlling computer 

Several components of the associated computer hardware were upgraded in order to improve the 

stability of the system. While infrequent, there were several occasions in the previous system 

requiring restarting of the program or even rebooting of the computer that controlled the imaging 

system. In order to maximize performance in a small enclosure the decision was made to 

construct a custom computer based off of an Intel Nuc with 32Gb ram, 2Tb M.2 flash drive, and 

intel i7 six-core processor. An alternative would have been a workstation grade laptop but 
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Figure 5-4: Theoretical and actual filter transmittance. 

(Left) Filter specifications from Edmund Optics (Right)  Actual filter transmittance was 
determined with custom built spectrometry system. Note the significant infrared-pass through.  
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concerns regarding security and storage were during lab meeting were raised concerning that 

option. The pc controller required power from electric mains and the highest-capacity 

uninterrupted power source that fit into the mobile cart was added. The nearly 80lbs power supply 

served as an excellent ballast for the new cart design to prevent tipping when the articulating arm 

is extended over the wheelbase.  

 

 Concerning software and operating system a switch was made from Labview to Matlab. This 

change permitted a unification of all aspects of system control, data acquisition, image 

processing, and storage. Ideally a Linux operating system would be chosen to minimize costs for 

future systems and further decrease operating system resource usage. In future iterations this 

change may also decrease the computer related cost of the imaging system. Open source 

alternatives could have been utilized to decrease cost but were not pursued in the interest of a 

rapid development time. 

5.2.3 Ex-Vivo Imaging 

Ex-vivo tissue was taken to CASIT for imaging in a black room with the improved system (system 

diagram in Figure 5-1). For illumination, a new LED board was manufactured for increased light 

intensity (40mW) with robust pulse shape at 365nm driven at 500kHz with 40ns pulse width.  

The illuminating pulse was generated by a single high-power LED in this new system and 

transmitted to tissue via liquid light cable at a 45º incident angle. ROI selection (40x40 pixel) was 

completed by choosing tissue areas that were unambiguously normal or neoplastic based on 

morphological appearance and verified with correlated histopathology. For detection, a gated and 

intensified CCD camera (iStar, Andor technology) was coupled to a high-speed motorized 10 

position filter wheel (Zaber) with bandpass filters (Semrock, blank, 405LP, 415/10, 434/17, 

465/30, 494/20, 520/15, 542/27, 572/28, 605/15). 150x2 nanosecond bins were acquired with 1ns 

step size (0-150 ns overall acquisition time). DOCI values were then determined for each ROI, at 
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each wavelength, for each sample. The mean aggregate pixel populations in each ROI and their 

pooled variance were used for statistical analyses as detailed in 5.2.4.  

5.2.4 Statistical Analysis 

Pixel populations were generated by the tabulation of multiple 40 by 40 DOCI pixel values 

(depending on sample size) for each tissue type with gate widths of 30nm for both rise and decay 

across all samples. The means and pooled variances of these pixel populations were then 

normalized to the peak excited state fluorescence intensity with the average and standard 

deviation recorded for each set of averaged pixel populations within each acquisition. Tumor and 

adjacent healthy cutaneous skin were evaluated with a Wilcoxon rank-sum test (i.e., a 

modification of the t test that does not require the 2 test populations to have equal variances and 

does not require normal distributions of sample population variance). We opted to use the 

Wilcoxon rank-sum test because it is more stringent and thus forms a lower limit for the statistical 

significance of the imaging results. Wilcoxon rank-sum tests were performed between DOCI pixel 

populations from identified tumor and adjacent normal skin areas at each emission wavelength. 

Significance was set at P<0.05.ROI locations on specimens 

5.3 Results 

154 ROIs of 40 by 40 pixel areas were imaged across 10 individual resected SCC specimens 

(from eight patients) ex vivo. Resected tumors (ID # 2,3,4) all originated from one patient that had 

3 separate SCC neoplasms resected from the scalp. Complete comparative results are presented 

in Table 11. The 434nm and 520nm filters significantly distinguished between all cases of primary 

SCC (ID#1-9). Specimen ID#10 was 1.5x1.5cm with a 0.3cm area of recurrent SCC from a 

previous surgery. In the patient chart the pathologist noted that the specimen exhibited extensive 

dermal scarring with severe background solar elastosis. 
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Detailed investigation was conducted for the ROIs of specimen (ID #7). Three groups of ROIs 

were generated, corresponding to HNSCC, hairy skin, and oral mucosa (Figure 5-5). The mean 

aggregate relative lifetime values were tested for statistical differences with multiple rank-sum 

tests with results presented in Figure 5-7. Each tissue region encircled with ROIs was 

subsequently validated by generated histopathology (Figure 5-7(B-D)). The temporal 

fluorescence of HNSCC of epidermal skin and oral mucosa (non-keratinizing stratified squamous 

epithelium) was further examined with 150 second exposures at each spectral wavelength. From 

this experiment, 30 nanosecond rise and decay are graphed in Figure 5-6. Significant spectral 

contrast was found between the tissue during rise and decay for nearly all spectral bands tested 

(Figure 5-7). 

 

A
A

Figure 5-5: HNSCC of mandible (ID #7) and ROI locations. 

(A) Ex vivo resected mandible of patient with superficial HNSCC. (B) 40x40 pixel regions of 
interest located over HNSCC protuberance (1-5) hairy skin (6-10) and oral mucosa (11-15). bar = 
1cm 

B

.
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Figure 5-6: Excited and decay-states of endogenous tissue lifetimes significantly 
differ between superficial HNSCC and both epidermal skin and oral mucosa. 

(A) Population mean lifetime kinetics between HNSCC and oral mucosa (non-keratinizing 
stratified squamous epithelium).  
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5.4 Discussion and Conclusion 

In this study, we validated our re-designed and significantly improved imaging tool. Our method 

utilized a safe and low-cost single LED for illumination, was insensitive to inhomogeneities in 

illumination, and significantly distinguished between cutaneous SCC, cutaneous hairy skin, and 

oral mucosa. 

 

A. B. 

C. 

D. 

Figure 5-7: Rank sum tests and histology validation. 

(A) Epidermal skin outside the mouth (keratinized stratified squamous epithelium). (B,C,D) 
Histological verification of HNSCC, epidermal skin, and oral mucosa, respectively. 
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Based on results from the previous clinical study, The highly irregular surfaces, sizes, and 

consistencies of resected tumors made fluorescence lifetime imaging challenging. In addition, the 

patient samples were far more heterogenous than originally expected. Patient age, medical 

history, comorbidities, prior procedures, presence or absence of prior chemoradiation, and 

duration of time since first diagnosis of carcinoma are just a few of the factors that influenced 

sample diversity. Fluorescence lifetime measurements are sensitive to the microenvironment of 

the fluorophores studied and all of these factors are likely to have some effect on the morphologic 

and metabolic state of the tissue studied. Regarding specimens obtained from the Department of 

Head and Neck Surgery, resected primary SCC from the scalp exhibited the most favorable 

geometry for imaging. Thus, the decision was made to primarily  image resected primary SCC 

specimens for system validation. Ex-vivo tissue samples correlated with histology and generated 

images to demonstrate the capability of the system to produce useful contrast for the operating 

surgeon toward identifying tissue and determining boundaries. 

 

Spectral differences were consistent across multiple ROIs within the same specimen, and also 

robust between ROIs across nine different ex-vivo specimens. One specimen (ID #10) did not 

reveal significant contrast during decay. This specimen was the only case of recurrent and non-

primary HNSCC, and the significant dermal scarring from previous surgery (as noted in the 

pathology report) may have affected the resolution of the DOCI system. If confirmed, this finding 

may also influence future inclusion criteria for a larger clinical trial.  
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The relative lifetime contrast between carcinoma and adjacent visually normal tissue was 

significant at nearly every spectral wavelength, with differences present during both decay and 

rise from the improved LED pulse profile. Notably, the improved system revealed significant 

contrast between malignant neoplasms and both non-keratinized and keratinized cutaneous 

tissue. Subsequently, the significant DOCI contrast was confirmed via histology and interpretation 

by pathologist. In comparison, the previous clinical system with six LEDs did not yield significant 

results when imaging keratinized cutaneous tissues.  

 

A limitation to this study is system standardization between imaging sessions and different 

specimens. This issue is addressed in greater detail parathyroid identification in CHAPTER 6:. 

 

 ID # 1 2 3 4 5 6 7 8 9 10

Disease 

and 

Region

SCC - Nose SCC - Scalp SCC - Scalp SCC - Scalp SCC - Scalp SCC - Scalp
SCC - 

Mandible

SCC - 

Mandible

SCC - 

Tongue

SCC - Scalp 

recurrent

Blank 0.5172 0.9215 0.4641 0.6934 0.7891 0.9495 0.8992 0.3175 0.6831 0.7945

405LP 0.3751 0.5082 0.1765 0.1857 0.2975 0.5927 0.1634 0.1592 0.6934 0.7461

415 0.9663 0.0161 <0.001 <0.001 0.0281 0.0028 <0.001 <0.001 <0.001 0.0471

434 0.132 0.0053 <0.001 <0.001 0.0398 0.0053 0.5082 <0.001 0.0003 0.2102

465 0.5356 0.0137 <0.001 0.0008 0.2154 0.7783 0.0002 0.0002 0.0028 0.2314

494 0.5172 0.0261 0.0002 0.0281 0.3313 0.1249 0.0611 0.0132 0.4815 0.3751

520 0.0555 0.2426 0.0008 0.0033 0.1356 0.0324 0.0002 <0.001 0.2051 0.237

542 0.1677 0.0693 0.0006 0.2314 0.3313 0.2721 0.2721 0.0173 0.0017 0.155

572 0.0715 0.237 0.0003 0.1148 0.3041 0.0833 0.4471 0.0127 0.0001 0.2051

605 0.0651 0.8327 0.0672 0.3905 0.6222 0.0226 0.3384 0.0209 0.0004 0.1116

Blank 0.0784 0.3455 0.0261 0.0202 0.7783 0.888 0.147 0.0085 0.4387 0.3384

405LP 0.0072 0.1284 0.0047 0.0025 0.0261 0.0291 0.0016 0.0002 0.1249 0.4992

415 0.0538 0.5543 <0.001 <0.001 0.4815 0.0031 <0.001 0.0049 0.0385 0.3905

434 0.0127 0.0441 <0.001 0.0002 0.0324 0.0471 0.0359 0.0002 0.0058 0.1765

465 0.0194 0.0715 0.0004 0.0252 0.8108 0.4305 0.0058 0.0053 0.0471 0.4992

494 0.0015 0.0651 0.0003 0.0034 0.0859 0.0471 0.0013 0.0004 0.0631 0.8437

520 0.0007 0.0291 0.0003 0.0008 0.0252 0.0041 0.0053 0.002 0.0302 0.4471

542 0.0008 0.0939 0.0013 0.001 0.0108 0.0025 0.0003 0.0004 0.0217 0.2102

572 0.0026 0.1024 0.0024 0.002 0.0072 0.0025 0.0043 0.0008 0.0693 0.4142

605 0.0037 0.2102 0.0045 0.0039 0.0034 0.0017 0.0784 0.0007 0.5449 0.1054
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Table 11: Autofluorescence lifetime differences are robust between ex vivo specimens 
with primary HNSCC. 
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In summary, the presented results support ongoing efforts of adapting the DOCI algorithm into an 

imaging technology permitting characterization and differentiation of HNSCC and different tissues 

in situ. Besides increasing the sample size, next steps will be en-face imaging of the interior 

surfaces of bisected tissue in order to permit co-registration of DOCI images with histological 

sections in congruent anatomical planes.  
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 PARATHYROID IDENTIFICATION WITH 
DYNAMIC OPTICAL CONTRAST IMAGING 

6.1 Introduction 

Primary hyperparathyroidism, often caused by a single adenoma (80-85%) or four-gland 

hyperplasia (10-15%), can lead to elevated parathyroid hormone (PTH) levels and resultant 

hypercalcemia (240–242). Surgical excision of offending lesions is the standard of care, as the 

removal of pathologic adenomas reduces PTH and calcium values to baseline and avoids the risk 

of associated morbidities (242). The small size, variable location, and indistinct external features 

of parathyroid glands can make their identification quite challenging intraoperatively (243,244). 

Patient prognosis depends heavily on complete resection of the involved parathyroid glands. The 

inability to accurately localize the parathyroid glands during parathyroidectomy and thyroidectomy 

procedures can prevent patients from achieving postoperative normocalcemia. The goal of these 

surgeries is to remove the diseased thyroid or parathyroid tissues while minimizing risks to 

surrounding nerves and vessels. Rapid imaging methods that can accurately and efficiently 

identify parathyroid gland tissue and differentiate it from surrounding neck tissues would be 

transformative in gland localization.  

 

Approximately 80,000 parathyroid and thyroid surgeries are performed in the United States each 

year. One of the most common problems in the surgical intervention of patients with parathyroid 

and thyroid disease is the inability to localize the parathyroid glands (243,244). Thyroid and 

parathyroid surgery involves dissection through skin and subcutaneous tissues, retraction of neck 

muscles, and a careful dissection of the thyroid gland as the parathyroid glands are most often 

located on the posterior surface of the thyroid. Illustrated in Figure 6-1, the Recurrent laryngeal 

nerve (RLN, responsible for allowing proper vocal cord motion) is located behind the thyroid gland 
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often intimately related to the parathyroid glands anatomically. If the RLN is damaged on one side 

this may lead to vocal cord paralysis and possible tracheostomy. 

 

 

The challenge of parathyroid localization is heightened in patients undergoing reoperation or 

presenting with ectopic and/or supernumerary abnormal glands (243,244). Accidental removal of 

healthy parathyroid glands during thyroid surgery causes postoperative hypocalcemia in 20% to 

30% of thyroidectomy cases (243,244). Complications, including hypoparathyroidism and RLN 

injury, are generally limited in experienced hands(245) however, revision surgery and 

comprehensive exploration increase this risk(240). In cases where the parathyroid glands are 

diseased, insufficient removal of affected parathyroid glands during parathyroidectomy can 

require reoperation due to persistent hypercalcemia (244,246). 

 

Precise preoperative localization of parathyroid adenomas can help the surgeon formulate 

strategic operative plans and perform minimally invasive parathyroidectomies (MIP) that lead to 

smaller incisions, limited dissection, decreased pain, reduced hospital lengths of stay, and 

decreased overall cost (240,245,247–250). Although primary hyperparathyroidism is most 

Figure 6-1: Variable location and indistinct features make parathyroid localization difficult. 

Adapted from Gad SS, Elsamie MA, Saleh YA. Parathyroid gland injuries during total and subtotal 
thyroidectomy. Menoufia Med J 2015;28:807-12  
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commonly caused by a single parathyroid adenoma, 10%–30% of patients will have multigland 

disease (MGD) due to parathyroid hyperplasia or multiple adenomas (249,250). This group 

represents a challenge for radiologists and surgeons because these patients have a much higher 

frequency of nonlocalizing imaging studies and failed surgeries (249,250). 

 

Though there exists a multitude of imaging studies like ultrasonography (US), 99mTc- sestamibi 

SPECT/CT (SeS), computed tomography (CT), and magnetic resonance imaging (MRI), the 

choice and quality of imaging studies differ depending on surgeon preference, technology 

availability, and operator skill (249). The sensitivities for ultrasonography and sestamibi imaging 

glands vary, ranging from 64 to 76% and 58 to 90%, respectively (249,251). SeS requires the 

administration of radiotracers and results can be affected by nonselective tissue uptake. 

Ultrasonography, while widely utilized, is suboptimal in patients with co-existing nodular thyroid 

disease or deep-seated adenomas (252). These methods are limited by their inability to reliably 

localize healthy glands or provide  rapid intraoperative information. 

 

Concerning optical approaches, earlier work in fluorescence lifetime imaging (FLIM) has 

demonstrated potential value for functional imaging (253–256). FLIM is a technique where the 

auto-fluorescence of a sample is probed in both the wavelength and time domains by excitation 

of the sample with a short optical pulse. Subsequently, the autofluorescence lifetime of tissue is 

detected at a range of different wavelengths (257). Lifetimes are dependent on the intrinsic 

biochemical composition of the targeted material and significant contrast can be generated by 

mapping the measured decays into an image. Thus, advantages of this technique are that time-

resolved fluorescence is invariant to obscurants in the surgical field (blood, sweat, hair, etc.) and 

surfaces defined by complex geometries. In addition, fluorophore lifetimes are often strongly 

dependent on conditions related to occurring physiological processes, (e.g., oxygenation, pH, and 

temperature). Together, these characteristics of FLIM support its application towards in situ 
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functional imaging and tissue identification (176). The utility of fluorophore lifetimes in application 

to intraoperative localization of tissue is an active area of research especially relevant to head 

and neck surgery due to the high density and proximity of delicate anatomy (e.g., carotid artery 

and recurrent laryngeal nerve) to areas frequently undergoing operation. Currently there are 

insufficient instruments to intraoperatively delineate parathyroid tissue.  

 

This work presents the application of ratiometric fluorescence lifetime imaging system termed 

Dynamic Optical Contrast Imaging (DOCI) for enhanced intraoperative parathyroid localization. 

In addition to demonstrating image contrast between parathyroid tissue and adjacent fatty tissue, 

we sought to validate our results through two-photon imaging. Another aim was to standardize 

the values generated by our DOCI system to actual fluorescence lifetimes using reference 

fluorophores and a commercial two photon imaging system.  

6.2 Materials and Methods 

All studies were conducted with appropriate IRB approval. The protocol, system used for ex vivo 

imaging, and statistical analyses of ROIs based on segmentation are described in section 0. In 

addition to the description therein, a validation experiment was conducted between the resultant 

DOCI contrast in imagery and the actual fluorescence lifetimes of both unstained parathyroid 

tissue and adjacent adipose tissue as analyzed in the phasor space (using n-exponential fit 

algorithm of the FLIM module in LASX software by Leica) using a commercial Leica DIVE 

multiphoton FLIM imaging system at the California Nanosystem Institute at University of 

California, Los Angeles. The total planned time for parathyroid imaging is four hours following 

resection. Parathyroid autofluorescence intensity has been reported to decrease over time 

following excision (T1/2 150hours) but changes with respect to fluorescence lifetime could not be 

found in existing literature(258). 
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Regarding the standardization experiment, stock solutions of NADH, Laurdan, and 7-hydroxy-4-

methylcoumarin were prepared as detailed in Figure 6-2. The stock solutions were then 

immediately split in two equal parts with one half of each solution transported taken to the 

experimental DOCI system and imaged while the other half was imaged by a commercial Leica 

SP8 MP-DIVE system with FLIM extension at the nearby California NanoSystems Institute located 

at the University of California at Los Angeles. 100 microliter samples of each dye were pipetted 

into open top 12-well slides and excited with a femtosecond pulsed laser at 736nm for two photon 

occurrence at approximately the same 365nm emission of the LED in the DOCI system. The SP8 

microscope used a Leica HC PL FLUOTAR 10x/0.40 CS2 Dry objective and HyD detector. The 

Leica HyD detector was configured with a 408-550nm bandpass filter while the DOCI system 

utilized a 405 long-pass filter, thus solely filtering out the illuminating wavelengths of light. 

Fluorescence lifetimes for each dye were determined at multiple concentrations using the fit-free 

phasor module of the Las X (Leica) software with n-exponential autofitting enabled. Results were 

analyzed for linearity using Prism 8 (Graphpad) for Mac OS by creating a best-fit-line with simple 

linear regression. Error in DOCI lifetime value was calculated by measuring the absolute value of 

the difference between middle DOCI value and corresponding empirically measured fluorescence 

lifetime divided by the empirically measured fluorescence lifetime. The standardized temporal 

resolution of the DOCI system was determined by fitting a line through the longest and shortest 

DOCI values and comparing against their referenced lifetime values as determined from two-

photon experiment detailed above. 
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6.3 Results 

6.3.1 Standardization Against Fluorescent Dye and Commercial 
Two-Photon Microscope 

Results from standardization experiment with different fluorescent dye of known lifetime are 

presented in Figure 6-2. Regarding the standardization experiment, stock solutions of NADH, 

Laurdan, and 7-hydroxy-4-methylcoumarin were prepared as detailed in Figure 6-2. The stock 

solutions were then immediately split in two equal parts with one half of each solution transported 

to the experimental DOCI system and imaged while the other half was imaged by two-photon 

microscope at the California NanoSystems Institute. Both DOCI and two-photon imaging began 

within 15 minutes from the split of the diluted solutions. The fluorescent dye were imaged 

concurrently with the DOCI system and commercial two-photon microscope in order to control for 

changes in lifetime due to exposure to oxygen. Imaging with the DOCI system was completed 

within ~40 minutes while imaging with the two-photon system lasted two hours. Phasor analysis 

of each reference dye was performed with the two photon system to determine sample purity and 

single exponential nature of fluorophore lifetime decay (data not shown). The temporal resolution 

of the DOCI system was standardized against actual lifetime values in the range of zero to eight 

nanoseconds where each 0.01 change in DOCI value equated to 0.2127 ± 0.0206 (ns) lifetime 

change. The error in DOCI measurement was 9.8%. These results were confirmed in repeated 

experiment (data not shown).  
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Dye Solvent Concentration 

(uM) 

Lifetime (ns) DOCI 

Value 

(0-1) 

7-hydroxy-4-

methylcoumarin 

Distilled 

water 

400 5.229 0.8556 

260 5.243  

Laurdan Methanol 1000 3.143  

650 3.106 0.7653 

430 3.172  

NADH Distilled 

water 

21500 0.397 0.6280 

14500 0.417  
 

 

 

 

Laurdan,650 | NADH-21500 | 7-C,400 

 

Figure 6-2:  Lifetime analysis of reference dye between DOCI system and Leica MP-DIVE 
FLIM system. 

6.3.2 Ex Vivo Parathyroid Measurement 

The specimen for this study was from a 74 year old female patient who presented to the 

Department of Head and Neck Surgery with primary hyperparathyroidism and a thyroid nodule 

scheduled for parathyroidectomy and right thyroid lobectomy. Following appropriate consent, the 

right superior parathyroid gland and small fragment of adjacent fat were recovered and imaged 

with the DOCI system within one hour following surgical excision. The total time spent imaging 

the tissue with the DOCI system was about an hour and a half. In order to validate DOCI contrast 

the excised tissue was then transported (15 minutes) and immediately imaged at the nearby two-

photon fluorescence lifetime imaging facility on campus. The total time spent with the two-photon 

microscope was approximately two hours, after which the specimen was returned to surgical 
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pathology for routine histopathology. The irregular soft tissue fragment weighed 0.13g and 

measured 1.2 x 0.5 x 0.2 cm. The department pathologist confirmed the presence of an enlarged, 

hypercellular parathyroid with extracellular fat tissue with conventional H&E stain.   

 

 
ROI-based long exposure was conducted where imaging data was acquired from eight ROIs (40 

x 40 pixel each) that were evenly distributed between two equal groups denoted “fat” or 

“parathyroid” tissue. The exact locations of the eight ROIs are presented in Figure 6-3. The 

regions were selected based on morphologic evaluation and guidance from the chair of the Head 

and Neck Surgery department and confirmed via routine histopathology following the study 

(Figure 6-5(D)). The exposure time was 150 seconds for each spectral channel with 150, two-

nanosecond bins and one nanosecond step size.  

Figure 6-3: Region of interest locations for parathyroid adenoma and adjacent adipose 
tissue  
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Whole field image acquisition was performed following ROI-based acquisition. One intensity 

image and nine spectral DOCI images were acquired of the entire gland with adjacent fat tissue. 

The near real-time graphical output that was immediately displayed to the user is presented in 

Figure 6-5(B,C1-C9). The exposure time per spectral channel was one second with individual 

gate widths of 35ns for both steady-state and decay frames.  

 

After completion of imaging the data were analyzed with hypothesis testing for statistical 

significance offline. In Figure 6-4, 30ns of individual DOCI values are plotted (mean and standard 

deviation) for the two groups of ROIs. Individual rank-sum tests were conducted comparing 

relative lifetime of parathyroid tissue versus fatty tissue for each spectral band and also state of 

fluorescence (i.e., rise or fall). During the rising state (i.e., tissue pump by LED begins) a 

statistically significant difference (P<0.05) was found between parathyroid tissue and adjacent 

adipose tissue in four spectral bands (i.e., 415,434,465, and 494nm). During the decay state there 

were two spectral bands that revealed a significant difference (405LP and 415nm) between the 

two tissue types. 

 

Two-photon imaging of the parathyroid generated five, 200x200um size tiles (each composed of 

five averaged line-scans each). These five tiles were stitched together to create the 200umx1mm 

image in Figure 6-5(F) with LASX for Life Sciences application by Leica. N-exponential fit was 

used to estimate the lifetimes for two areas off tissue. These areas are represented by false-

coloring that corresponds to the average lifetime of the major component in the focal plane. The 

colormap was chosen to encompass the lifetimes of both tissue groups as represented in the 

phasor space. 
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Figure 6-4: Population mean lifetime kinetics between Parathyroid adenoma and 
adjacent adipose tissue across ten spectral bands.  
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Table 12: Excited-state and decay-state endogenous tissue lifetimes are significant 
between parathyroid adenoma and adipose tissue. 

  

Parathyroid 

adenoma vs. 

adipose 

tissue   

R
is

e 
S

ta
te

  

No Filter 0.5403 

405LP 0.4641 

415 0.0187 

434 0.0001 

465 0.0252 

494 0.9103 

520 0.0167 

542 1 

572 0.1677 

605 0.2051 

D
ec

a
y
 S

ta
te

 

No Filter 0.0738 

405LP 0.0291 

415 0.0001 

434 0.2154 

465 0.5264 

494 0.8108 

520 0.7675 

542 0.8327 

572 0.5172 

605 0.6934 

1 cm 
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Figure 6-5: Full-field DOCI image of parathyroid adenoma and adjacent adipose tissue. 
Temporal resolution of DOCI system with ex vivo human parathyroid referenced against Leica SP8 MP-
DIVE system. (A) Image of parathyroid gland and adjacent fat; (B) Fluorescence intensity image of 
parathyroid and adjacent fat (taken with video mode of DOCI system); (C1)-(C9) DOCI relative lifetime 
images of parathyroid and adjacent fat with different filters(FWHM/2), ; (D) H&E histology; (E) Phasor 
plot; (F) Fluorescence lifetime image taken with commercially available FLIM microscope, Leica Deep In 
Vivo Explorer SP8 DIVE. Full F-panel is 1cm. 

A 

B 

D E 

F 

405LP 415±7 434±11

465±17 494±13 520±10

542±16 572±17 605±11 
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6.4 Discussion 

The goal of this work was to determine if Dynamic Optical Contrast Imaging could generate unique 

spectral contrast between parathyroid and adjacent fatty tissue ex vivo. Moreover, this study 

aimed to validate and standardize the relative measurements produced by our DOCI system.  For 

that purpose, a sample of parathyroid and adjacent fatty tissue were both imaged using the DOCI 

system and a commercial two-photon microscope. Through second experiment, dye solutions 

were prepared in order to quantitatively verify the concordance between the relative DOCI values 

(i.e., between 0 and 1) and actual fluorescence lifetime measurements by two-photon microscopy 

on the picosecond scale.  

 

Results from this study serve as an initial investigation into the study of relative lifetime 

measurements of parathyroid tissue with dynamic optical contrast imaging. Significant contrast 

was produced between parathyroid and adjacent fatty tissue as confirmed by rank-sum test at 

405 long pass and 415nm filters during decay and even across several bands during rise in whole-

field DOCI images. The lifetime difference between tissues was subsequently validated by two-

photon lifetime measurements with the same specimen. Notably, in Figure 6-5, it appears possible 

to distinguish between normocellular and hypercellular parathyroid using DOCI yet this contrast 

was not otherwise visible to the unaided eye (i.e., as illustrated in the intensity image Figure 

6-5(A)). Contrast was already apparent between the fatty tissue and parathyroid but after using 

DOCI this difference was also augmented. The adjacent fatty tissue was lost during the process 

of histologic processing (as is expected) but the hypercellular and normocellular parathyroid is 

readily apparent.  

 

Parathyroid autofluorescence has gained increasing attention in the past decade but time-

resolved fluorescent properties of the gland remain to be adequately characterized(259,260). In 
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addition, a limitation regarding evaluation of results is that healthy and benign parathyroid tissue 

are reported to have multiple lifetimes due to yet to be discovered fluorophores(259,261). In one 

study of just ten specimens a lifetime difference of about 0.5 nanoseconds was reported between 

normocellular and hypercellular parathyroid(259). In this study the results are not sufficiently 

powered to make conclusions regarding the lifetime properties of parathyroid tissue. However, 

the values generated by our novel system are plausible when related to prior reports of lifetime, 

and were further supported with two photon measurement. The validity of this contrast in the 

DOCI image was moreover supported by the results that the standardized temporal resolution of 

the system was under one-half nanosecond (0.21±0.2ns). Finally, these findings are also in 

concordance with our prior work relating to parathyroid identification with relative lifetime 

imaging(239,262,263). Thus, our system generated highly accurate and clinically useful images 

within seconds at the cost of under 50 thousand dollars. In comparison, the 1.3 million dollar Leica 

SP8 DIVE system required two hours of time to produce a micrometer thin cross-section of lifetime 

values with an order of magnitude smaller field of view. 

 

The results from dye standardization demonstrate a clear linear correlation between single 

exponential dye fluorescence lifetimes and corresponding (0-1) DOCI values. This finding 

suggests the possibility of converting the relative lifetime measurements from the DOCI system 

into actual lifetime values(264). In summary, our next-generation DOCI system demonstrates 

clinically meaningful contrast in near real-time based on measurement of aggregate endogenous 

fluorescence lifetime. While the focus of this work concerns relative lifetime imaging, this is a 

significant finding that merits continued research. 
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6.5 Conclusions 

Given its variable location and indistinct features no standard accepted tool currently exists for 

parathyroid localization. In this study, significant DOCI contrast was produced in the parathyroid 

at unique spectral bands. This finding may enable a reduction in filter number and thus a decrease 

in overall imaging time. The contrast from our novel system was verified through two-photon 

microscopy, and also supports further research concerning the potential use of DOCI for surgical 

guidance in endocrine surgery. The DOCI measurements were standardized using reference dye 

and a commercial two-photon system to determine that each 0.01 increment in relative lifetime 

value equated to 0.2127 ± 0.0206 (ns) absolute fluorescence lifetime change. The standardization 

of system values and the linearity of the measurements suggest this method may be used for true 

fluorescence lifetime measurements. These results and methods permit system calibration over 

time and also between different systems, which would be necessary in a future multi-site clinical 

trial of the system. 
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 NEW METHOD FOR DYNAMIC OPTICAL 
CONTRAST IMAGING  

7.1 Background 

Biomedical imaging has become an indispensable tool in comprehensive cancer surgery (265). 

While some aims are much closer to full realization, continuing advances in biomedical photonics 

may help detect pre-malignant lesions, detect cancer in less invasive stages, reduce the number 

of unnecessary biopsies, and also provide guidance towards the complete tumor removal with 

precise resection margins (8,266). Intraoperative guidance with X-ray, ultrasound, and MRI are 

certainly feasible, yet limitations exist in the widespread integration of these imaging modalities. 

For example, the principle use of such tools remains in the preoperative localization of many 

larger tumors (e.g., oral, liver, lung, kidney, brain). During an operation, the surgeon typically relies 

on white light reflectance, his or her tactile senses, and intermittent tissue biopsy with rapid frozen 

section pathology (266,267). Accuracy varies widely based on the experience of the surgeon, the 

pathologist, and the location and type of tumor (46,268). In addition, efficacy is confounded by 

limitations on the extent of resection due risks of damage to adjacent vital structures (168). The 

lack of any standard technology applied in the field of head and neck oncology to enhance 

intraoperative margin control clearly underscores this pressing medical need.  

 

In order to generate functional tissue contrast via lifetime imaging our team published a novel 

method termed dynamic optical contrast imaging (DOCI) (238,239,269). The basis of tissue 

contrast in DOCI is due to biochemical, metabolic (i.e. altered concentrations of NADH and FAD), 

and structural changes that alter the emission properties of cancerous tissue (191,270–272). Over 

the course of carcinogenesis, the contribution of NADH to fluorescence substantially rises. NADH 

has a short lifetime (~ 0.5ns for unbound; ~1ns for bound) and results in a decrease in 

fluorescence lifetime in malignant tissue (174,179,191,273). These findings are consistent with 
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our previous results and suggest that biochemical changes in OSCC tissue gives rise to 

fluorophore lifetime related contrast that is sufficient to discriminate OSCC from normal tissue 

(238).We have recently demonstrated the use of light emitting diodes (LED) and novel DOCI 

based contrast generation algorithms for the detection of various types of collagens, elastin, 

(208,274) and the ex vivo delineation of parathyroid tissue from non- parathyroid tissue (275).  

7.2 Detailed Description 

Our next step was to develop our imaging system as a tool for intraoperative use. Over the course 

of our extensive work on developing an integrated LED driver circuit (in order to optimize the linear 

fall time from steady state illumination to between 1-10 nanoseconds), the LED rise time has also 

become sufficiently linear with a 1-10 nanosecond rise time that permits a new avenue to gather 

useful fluorescent contrast in various specimens (e.g., parathyroid, Figure 7-1). Previous literature 

and teachings discourage tissue differentiation based on fluorescent contrast during excitation 

and teach that only fluorophore decay from an excited state contains contrast information unique 

to the fluorophores of a specimen. The author’s understand this common conclusion, since in 

nearly every application of fluorescence lifetime imaging the illumination source resembles an 

impulse function (e.g., via the use of a laser) or is exponential in nature. In our work, LED 

illumination  permits a nearly linear rise, steady-state, and falling intensity with respect to time on 

the nanosecond order. With these specifications, fluorescence lifetime contrast is attainable when 

normalizing the sample fluorescence during both the rising and decaying time periods to a steady-

state value. Thus, there  are actually two regions of useful contrast in such a pulse sequence that 

may be added together in order to effectively double the signal to noise ratio without incurring a 

reduction in imaging speed. The authors acknowledge that with such a method, the dynamic 

range of signal is also increased since it is possible to generate DOCI values that are over the 

steady-state normalized value of 1.  
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Two of the most significant roadblocks preventing widespread implementation of fluorescence 

lifetime imaging as a commonplace clinical imaging modality are the high system cost and the 

acquisition of a minimum photon count that permits calculation of fluorescence lifetime in a photon 

starved environment. This herein presented imaging method permits the use of inexpensive LEDs 

for illumination and significantly reduces the cost of a system that can generate fluorophore 

lifetime based contrast: without the use of any dye or exogenous contrast agent; at a surgically 

relevant large field of view; and with real-time feedback to the surgeon. This new method also 

permits simultaneous imaging during surgical resection without the need to turn off all the lights 

(and headlamps) in the operating room due to the increase in acquired signal. The production of 

such an imaging system may significantly improve outcomes for patients by minimizing the 

removal of normal functional tissue and assist in the complete and rapid removal of diseased 

Figure 7-1: Rise, steady-state, and decay state for parathyroid versus adipose 
tissue. 

The differences in not only the decay but also the rise of tissue fluorescence normalized 
to the steady-state can yield additional information to increase the overall contrast 
signal. 
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tissues. In summary, this method enables intraoperative imaging capable of rapid tissue 

differentiation by generating fluorescence lifetime contrast at large, surgically relevant fields of 

view. 

7.3 Imaging Algorithm 

The present method provides a doubling of the DOCI signal levels. This may permit simultaneous 

imaging during surgical resection without the traditional need to turn off all the lights (and 

headlamps) in the operating room. 

 

The LED illumination permits a nearly linear rise, steady-state, and falling intensity (with respect 

to time on the nanosecond order) as shown graphically in Figure 7-2. Accordingly, fluorescence 

lifetime contrast is attainable when normalizing the sample fluorescence during both the rising 

and decaying time periods to a steady-state value. Thus, the present disclosure exploits two 

regions of useful contrast information, in that a pulse sequence may be combined in order to 

effectively double the signal and increase the signal to noise ratio by up to 40%, without incurring 

a reduction in imaging speed. According to the present disclosure, the dynamic range of signal 

can also be increased since it is possible to generate DOCI values that are as large as 2 compared 

to the original method capped at a value of 1. 

 

Building on our prior patents(211,276–279), and referring to the imaging algorithm (Figure 7-2), the 

addition of a second term, namely (calibration image – excitation image) / (calibration image – 

background image) can be added to the first original term, (decay image – background) / 

(calibration image – background), in order to produce a total signal image, maximizing signal to 

noise and dynamic range, thus producing superior image contrast by harnessing additional signal 

from the targeted sample. The new complete equation is presented as Equation 10-1. The 
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subtraction of the background image accounts for ambient and stray light in the environment. The 

total signal image is a relative lifetime map of the target. Using values in the relative lifetime map, 

one can identify a boundary between a first group of cells or cell products having a first physiologic 

process and a second group of cells or cell products having a different physiologic process. The 

mathematical operations for each pixel that involve the sources of contrast can be provided by 

Equation 10-1, where x is the detector photon count (or proportional value to photon count) at 

each pixel.  

 

 

Signal per pixel =   
∫ 𝑓(𝑥)𝑑𝑥 

𝐶

𝐵
− 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

∫ 𝑓(𝑥)𝑑𝑥 − 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
𝐵

𝐴

+
∫ 𝑓(𝑥)𝑑𝑥−∫ 𝑓(𝑥)𝑑𝑥

𝐵

𝐴

𝐶

𝐵

∫ 𝑓(𝑥)
𝐶

𝐵
−𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

   (Eq. 7-1) 

 

The array of generated pixel values serves as a lifetime map for the clinician and may immediately 

be presented in order to guide the physician in clinic or surgery. The clinician may infer physiologic 

and pathologic processes undergoing based on information presented by the system in order to 

screen patients, choose the best location for tissue biopsy, identify noncontiguous areas of 

pathology, incomplete resection, and faster margin analysis than that provided by conventional 

histopathology. 
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Figure 7-2: Method of Electro-Optic Pulse Shaping for Increased Signal to Noise and 
Double the Dynamic Range.  

The conventional DOCI method generates signal by integrating the area under the curve 
between C-D for either specimen #1 (longer fluorescence lifetime) or #2 (shorter fluorescence 
lifetime), respectively. The gold box highlights the new source of lifetime contrast (generated 
during sample excitation) that the presented method harnesses for up to a 100% increase in 
overall signal and ~40% increase in S/N without an increase in imaging time. 

 

  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

𝐶𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 𝐷𝑂𝐶𝐼 𝑚𝑒𝑡ℎ𝑜𝑑: 

 
∫ 𝑓(𝑥)

𝐷

𝐶
−  𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

∫ 𝑓(𝑥) − 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
𝐶

𝐵

 

 

 

 
 
 
 

 
 

𝑆𝑒𝑐𝑜𝑛𝑑 𝐷𝑂𝐶𝐼 𝑡𝑒𝑟𝑚: 

  
∫ 𝑓(𝑥)𝑑𝑥 − ∫ 𝑓(𝑥)𝑑𝑥

𝐵

𝐴

𝐶

𝐵

∫ 𝑓(𝑥)
𝐶

𝐵
− 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

 

 

x = detector photon count 

 

Improved Method of Electro-Optic Pulse Shaping and Signal Acquisition. 
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7.4 Alternate Embodiments 

The principle methods for three alternate embodiments are detailed below: 

First, there may be one detector used that acquires signal in two separate passes. During the first 

scan fluorescent intensity would be collected by a first gate in the interval A-B (Figure 7-2). The 

information would undergo analog-to-digital conversion and readout to the computer. A second 

gate would operate in the interval C-D, after which information would similarly undergo analog-to-

digital conversion and readout to the computer.  

 

Second, signal may be acquired simultaneously by two detectors operating in tandem that are 

properly synced via a timing pulse. This arrangement splits the two scan workload to permit 

simultaneous scan acquisition and circumvents a change in original image acquisition time. 

 

Third, a field-programmable -gated-array may be used to integrate signal in real-time as it is 

acquired from the detector, perform mathematical operations necessary, and directly read out 

DOCI lifetime values that may be graphically displayed to the user. This arrangement will be 

limited solely by the rate of camera data readout to the computer. A benefit of this approach is 

integrated computation and direct readout of the final DOCI lifetime values to the computer. Thus, 

there would not be a need to perform simple mathematical operations on the computer and real-

time lifetime imaging may become more feasible.  
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 SELECTIVE SPECTRAL ILLUMINATION 
FOR OPTICAL IMAGE GUIDED SURGERY 

8.1 Background 

In oncologic surgery patient prognosis depends heavily on complete tumor resection. Presently, 

however, surgeons often must rely on subjective assessments (e.g., palpation and visual 

appearance) during resection to distinguish abnormal from near normal tissues because there is 

no gold standard imaging technique for intraoperative image guidance(280). Among the many 

imaging modalities across the electromagnetic spectrum, optical fluorescence-based navigation 

systems are increasing in popularity because conventional imaging modalities (e.g., magnetic 

resonance imaging - MRI, positron emission tomography - PET , computed tomography - CT, 

ultrasound - US) are limited in their capacity to deliver sensitive, specific, real-time, and large field 

of view images to the surgeon(59,281). Illustrated in Figure 8-1, a new problem arises since these 

optical imaging tools utilize all or part of the visible electromagnetic spectrum (380-750nm) for 

either (1) tissue chromophore excitation or (2) quantification of chromophore emission during 

signal acquisition, while sharing this band of electromagnetic radiation with the high-energy 

broadband sources of illumination needed for the surgeon’s vision.  

 

Many emerging optical image guided devices may solve the unmet clinical need of intraoperative 

surgical guidance if they did not impede the normal clinical workflow in the operating 

room(262,282,283). Broadband sources of illumination in the operating room (e.g., fluorescent 

tube, xenon-arc lamp, incandescent light) interfere with fluorescence measurements in the visible 

spectrum and require significant dimming of the lights, or usually in order to increase desired 

signal to noise, completely turning off all lights in the operating room while the optical image based 

device is active. This action increases both the risk and cost of the surgery because of increased 

time that the patient is under anesthesia. For this reason surgeons may limit their use of these 
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optical navigation systems to just the most crucial junctions of an operation. In addition, even 

when the ceiling mounted operating room lights are off there is usually still a significant amount 

of stray light from the operating table spotlights and surgeons’ individual head-mounted 

luminaires. During an operation there is a large cast of medical personnel (i.e., one or more 

surgeon’s and trainees, anesthesiologists, circulating nurses, scrub nurses, and assorted medical 

students and observers) that are simultaneously working and prolonged complete darkness would 

unacceptably interfere with the ability of the team to deliver medical care. 

 

Undoubtedly, a need exists for sharing the visible spectrum between the intraoperative lighting 

necessary for human vision and the overlapping spectra utilized by optical imaging devices that 

provide intraoperative surgical guidance. Existing solutions to this problem consist of: waiting 

while lights are off, placing excised specimens into a black box or transporting the specimen 

outside of the operating room, or using exogenous dye for contrast (e.g., Indocyanine green has 

Figure 8-1: Medical imaging modalities plotted across the spectrum of 
electromagnetic radiation. 

The red box highlights the overlap between the spectrum used by optical imaging 
modalities and the electromagnetic spectrum detected by the human eye (~380-
750nm). MRI, magnetic resonance imaging; PET, positron emission tomography; CT, 
computed tomography; US, ultrasound.   
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an excitation peak of 800nm) (284,285). Two notable examples of fluorescence measurement in 

presence of ambient light during surgery use a combination of pulsed sources of excitation with 

a time-gated detector for acquisition(286,287). Notably, those authors teach that in the surgical 

field “ambient light cannot be spectrally conditioned or controlled” (287). The surgical oncology 

community, therefore, still awaits an optimized optical technique that can provide relevant 

information about surgical markers by purely exploiting inherent differences in tissue. 

8.2 Detailed Description 

The solution to this problem of interference between operating room illumination with optical 

imaging devices during surgery is a method and system for selective spectral illumination that can 

create independent spectral bands of operation for optical image based tools while concurrently 

providing illumination for surgeons and medical personnel to continue delivering medical care. 

Current sources of operating room illumination operate with a broadband spectra (e.g., xenon arc 

lamps, fluorescent tubes, incandescent lights, halogen lights, and multi-color light emitting diodes 

A 
B

C 

Figure 8-2: Application of selective spectral illumination in the operating room. 

(A) Ceiling mounted lights. (B) Movable boom mounted spotlight. (C) Head mounted 
luminaire. Image in public domain.  
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(LEDs). We propose a system of surgical illumination composed of multiple narrow spectrum 

emitting LEDs that are independently controlled and responsive to the requirements of many 

optical image-based devices during surgery. Preferably such a selective spectral illumination 

system would be installed in place of every light source in the operating room as illustrated in 

Figure 8-2.  

 

Optical image based systems usually rely on exogenous or endogenous sources of contrast for 

image generation and usually rely on exciting/incident light and/or emitted/fluorescent light 

acquired in the visible spectrum. These devices or systems usually belong to sub categories of 

fluorescence-based imaging, intensity-based imaging, time-resolved imaging, hyperspectral 

imaging, optical biopsy, optical spectroscopy, image-guided surgery, or precision surgery. This 

system is useful during surgery for concurrent use of any imaging system wherein photometrics are 

influenced by conventional illumination in the operating room.  

 

High-brightness LEDs are known to offer cost-effective, energy-efficient lighting solutions across 

the entire visible spectrum. Conventional methods of illumination produce a broad spectrum of light 

which has to be filtered out to make specific colors whereas multiple LEDs or multi-component LEDs 

may be modulated (usually in red, blue, green, and white) to produce different perceived colors 

or hues. Significantly, LEDs are also very efficient at emitting light of various narrow spectral bands. 

This method concerns multiple wavelength specific LEDs that are independently controlled to 

prevent spectral interference between visible illumination and medical devices operating in the 

visible spectrum. LEDs that emit at most wavelengths are commercially available but the 

necessary semiconductor material composition is known for production of LEDs that emit light 

with narrow spectra across the 380-750nm wavelength range as illustrated in Figure 8-3.  
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Figure 8-3: LED semiconductor materials for unique spectral emission(288). 
Recent advances in materials and methods for LED manufacture have resulted in the production of LEDs 

with narrow band emission ranging across the entire visible spectrum. UV LEDs are also increasing 

maximum output intensity, and are currently in very high demand due to the COVID-19 pandemic(289).    
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8.3 System and Methods 

8.3.1 Suggested Components  

The parts and assembly of an embodiment of the system are illustrated in Figure 8-4. In a 

proposed embodiment, an integrated circuit of appropriate specification is manufactured to drive 

multiple (at least two) suitably doped semiconductor heterostructures (Light emitting diodes – 

LEDs) to emit electromagnetic radiation at different wavelengths within the visible spectrum. The 

light emitting diodes that emit light at unique wavelengths within the visible spectrum are over 

5mW power and may consist of an array of various size and number according to room and 

procedure requirements while still powered by the same power source and drivers. An LED driver 

of suitable design independently controls the current and voltage to each LED group. Multiple 

LEDs that emit light in the same wavelengths will be considered an LED group. A unique feature 

of this circuit is permits the illumination system to tailor its spectral emission to the requirements 

of certain medical devices that are influenced by 380-750nm light. This circuit can receive power 

from a standard electrical mains source or a battery of sufficient capacity and may be controlled 

with a switch or similar controller.    

8.3.2 Method  

During normal illumination the LEDs of all wavelengths are active and overall the system will emit 

in a fashion analogous to a broad spectrum device. When an optical imaging device is used that 

requires a portion of the visible spectrum for its operation, the system will dim or turn off the 

individual LEDs that emit light in the overlapping wavelengths required by the medical device. 

Thus, the wavelengths of illuminating light emitted from this light source that would overlap with 

the medical device will cease and a unique spectral band will be created for operation of the 

optical imaging device. Concurrently, light will still be emitted from the system in all of the other 

visible wavelengths that are not used by the medical device in order to provide illumination for the 
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surgeon and medical team. When the optical imaging device is no longer used the system can 

resume emitting light from LEDs of all wavelengths. In a simple design the different modes of 

operation of the illumination system may be controlled by a switch.  

8.4 Principles of Operation 

In this example the method and system function are described in relation to the specific technique 

of dynamic optical contrast imaging (DOCI), but may be used in conjunction with any optical 

A 

B C 

D 

E 

Figure 8-4: Schematic of an embodiment for the method and selective spectral 
illumination system. 

(A) Selective spectral illumination device. (B) LED. (C) LED of different spectral 
emission. (D) LED driver. (E) Integrated circuit. 
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imaging technology. In brief, dynamic optical contrast imaging differentiates tissue types on the 

basis of detected fluorescence from endogenous tissue chromophores excited by 350-400nm 

wavelength light(212,228). During surgery when the DOCI system is not in use the presented 

system will provide illumination by using LEDs of every visible wavelength, as illustrated in Figure 

8-5.  

 

When the surgeon desires intraoperative visual guidance from the DOCI system they would 

switch the output of the presented system and only the LEDs that emit light outside of the 350-

400nm wavelength range will be active in order to prevent interference, as illustrated in Figure 

8-6. 

Figure 8-5: Standard emission spectrum of illumination system. 

LEDs of all individual wavelengths are delivering light in an analogous fashion to a 
conventional broad spectrum source of illumination (Thorlabs, USA). 
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8.5 Alternate Embodiments 

LED Number, Type, and Arrangement 

➢ Either single, independent LEDs or single multicomponent LEDs may be used for 

illumination.  

➢ The individual types of LEDs may or may not overlap in spectral emission. The key function 

is that there should not be any spectral overlap between an illuminating LED or a spectral 

band used by a medical device. 

➢ LEDs may be arranged in an array, where either multiple LEDs that emit light of the same 

wavelength are arranged together in groups or where LEDs that emit light of different 

wavelength are arranged together in groups.  

➢ The LEDs or LED groups may be arranged in serial or parallel configuration.  

Figure 8-6: Selective spectral emission of illumination system. 

The DOCI system requires exclusive use of the 350-400nm spectral band and the LEDs that 
illuminate the surgical field that operate in this spectral band will turn off to avoid interference 
with the DOCI system. All other LEDs that operate at other wavelengths of the visible spectrum 
will continue to provide illumination in the operating theater. The red box highlights that the 
401nm LED is not producing  light during DOCI system use.  
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➢ The number of LEDs used must be at least 2 if both LEDs emit unique wavelengths of light 

or 1 multicomponent LED that can emit unique wavelengths of light.  

➢ The number of unique spectral bands and number of LEDs in each spectral band may vary 

according to application and parameter requirements. 

➢ Either each LED or each group of LEDs may have various filters attached or positioned 

between the LED and the desired region of illumination in order to create unique spectral 

groups or to sharpen the spectral emission limits of individual LEDs. 

➢ Emission filters may also be placed onto the LED to further reduce the FWHM emission 

range of each LED, respectively.  

➢ For higher power LEDs or maintenance of color the LEDs may need to be cooled by a 

heatsink, fan, or other means of dissipation of energy to prevent heating of the LED.  

 

Light Sources For Illumination  

➢ Any source of illumination may be used (Laser, Laser-Diode, Diode-Laser, LED, Halogen 

lamp, Incandescent light, Xenon-arc lamp, Fluorescent tube, etc) if there is an appropriate 

filter positioned after the light source or a number of filters positioned in front of the light 

source that are controlled manually or via a motorized mechanism.  

 

Different Light Source Locations  

➢ The illuminating light source may be in or on the operating room ceiling, any boom or 

spotlight, surgical headlamp, or mechanical device itself (e.g., Da Vinci Machine by Intuitive 

Surgical Inc).  
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Light Mode Switching And Automation 

➢ The switch between illumination modes may be automatic through the use of a wireless or 

network communication module. In such a case the spectral requirements of respective 

medical imaging devices may be captured by associating a unique RFID device or another 

electronic device that has a traceable unique identifier. Individual optical imaging devices 

may be assigned with a unique identifier and may communicate with the selective spectral 

illumination system to form a dynamic wireless network, such as a Zigbee network. A 

database may be provided to maintain information about individual device spectral 

requirements and other information. Such a database could be stored locally in memory or 

accessed through a network remotely.  

➢ The mode of illumination may automatically switch specifically at the times when the imaging 

device requires a portion of the visible spectrum. The latency in communication between the 

device and the illumination system would need to be accounted for. There may also be a 

need for a timing device connected to the integrated circuit controlling the LED driver and 

LED in such a situation. 

➢ An automatic functioning would provide ease-of-use for a complicated system. Also 

incorporates several complicated control schemes and paradigms. Networked digital 

communication and separate power and voltage control circuits that provide control to 

individual LEDs or LED arrays. If there are multiple systems or control systems then they 

must be compatible and work together. 

 

Compensation Of Remaining Unique Spectral Bands For Selective Illumination During 

Optical Imaging 

➢ The intensities of light from the remaining unique LED wavelengths emitted that do not 

interfere with the optical imaging device may be controlled in a way to generate the most 

similarly perceived color as when illuminating in a general broadband mode. The most 
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similar color would be determined by the closest distance in the CIELAB or CIEXYZ or 

sRGB or ICtCp or CIE 1931 color-space that is achievable with the remaining LEDs. 

➢ Any possible perceived color from the utilized LEDs may be created for the respective 

purpose or environment. 

➢ Memory may be used to store many of these preset color configurations. 

 

Nonuniform Function 

➢ The output of multiple connected illumination sources may be modulated to produce a 

number of unique zones or uniquely controlled zones in the operating room.  

➢ LED brightness at different emitting wavelength is driven at appropriate power to 

generate uniform efficacy considering the variable luminous efficiency of the human eye.  
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 CONCLUSIONS AND FUTURE 
DIRECTIONS 

9.1 Summary Of Achievements 

There exists a pressing medical need for non-invasive optical tools to help surgeons 

intraoperatively identify tissue and determine precise tumor margins. Achievements from this work 

include: 

 

1. The first clinical use of DOCI to produce relative lifetime tissue maps at an unprecedented 

six-by-six cm field of view.  

2. Results from clinical translation and use that demonstrate the capacity to resolve 

statistically unique spectral features for individual states of disease before tissue biopsy. 

Statistically significant results from malignant, premalignant, and benign tissue suggest 

the system may be valuable as a screening tool for patients presenting to the clinic. 

3. Through pilot study, a new clinical application of Dynamic Optical Contrast for Mohs 

micrographic surgery was presented. Early In vivo results suggest relative lifetime images 

generated can provide significant contrast between basal cell carcinomas and surrounding 

uninvolved skin.  

4. Following assessment of clinical obstacles and system improvement, a new DOCI system 

was tested with ex vivo resected HNSCC specimens and validated with histology. The 

relative lifetime images demonstrated the capability of the system to produce useful 

contrast in order to significantly differentiate HNSCC from both hairy skin (keratinized 

stratified squamous epithelium) and oral mucosa (non-keratinized stratified squamous  

epithelium) in ex vivo conditions.  

 



126 

 

5. Statistically significant DOCI contrast was produced in ex vivo parathyroid at unique 

spectral bands. The contrast from our novel system was supported through two-photon 

microscopy. 

6. The DOCI measurements were standardized using reference dye and a commercial two-

photon system to determine that each 0.01 increment in relative lifetime value equated to 

0.2127 ± 0.0206 (ns) absolute fluorescence lifetime change. The standardization of 

system values and the linearity of the measurements suggest this method may be used 

for true fluorescence lifetime measurements. These results and methods permit system 

calibration over time and also between different systems, which would be necessary in a 

future multi-site clinical trial of the system. 

7. An improved method (patent pending) for Dynamic Optical Contrast Imaging incorporating 

useful spectral contrast during illumination rise for up to a ~40% increase in signal-to-noise 

and a 100% increase in system dynamic range (0-2).  

8. A new method and system (patent pending) for spectrally controlling surgical illumination 

to permit intraoperative application of fluorescence sensing techniques in real-time, thus 

circumventing the need to turn off lights and cause a delay in medical care.   

 

Our tool generates contrast through relative measurements of autofluorescence decay rates 

(lifetime) from tissue and thus does not require dye or injection of contrast agents. Furthermore, 

as opposed to intensity based approaches, our measurements depend on the intrinsic properties 

of tissue and thus provide a robust signal insensitive to inhomogeneous illumination and irregular 

tissue contours. Although currently DOCI values are only an approximation to the complex nature 

of heterogenous fluorescence lifetime decay, the method permits generation of meaningful 

contrast between neoplastic and surrounding normal tissue that may aid clinicians and lead to 

improved patient outcomes. Finally, the results regarding clinical performance of Dynamic Optical 

Contrast Imaging should be considered as preliminary and not be used for medical diagnosis or 
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treatment before randomized large-scale clinical trial and appropriate regulatory and medical 

approval. 

9.2 Recommendations and Future Directions 

9.2.1 Regarding Hardware 

 

Attachment of endoscope to DOCI system: 

The confines of the oral cavity require a small diameter, long length imaging lens that can reach 

recesses of the mouth while maintaining a reasonable standoff between patient and focal plane 

array. DOCI contrast generation allows for tens of nanoseconds long illumination pulses and thus 

tolerates pulse dispersion from endoscopic fiber coupling. Thus, development and attachment of 

an endoscope to our DOCI system may permit non-invasive imaging of lesions inside the oral 

cavity and near the base of the tongue. Simulations and prototypes have already been developed 

for this purpose.  

 

Figure 9-1: Illumination geometry of a rigid endoscope. 
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Endoscopes are medical devices that permit deep inspection of body cavities otherwise 

inaccessible. They may be rigid or flexible, and function by first illuminating a target and then  

relaying an image back to a detector (illustrated in Figure 9-1 (290)).  

 

With the current approach and instrumentation, it is not feasible to clinically access and image 

regions in the dorsal tongue, pharynx, and larynx. Therefore, adopting DOCI methodology in 

telescope optics is a crucial step to enable intraoperative use of DOCI technology in deeper 

regions of interest. Successful preliminary models and prototypes have been constructed in order 

to  open the possibility of applying this technology in endoscope optics (Figure 9-2). In addition, 

a 4 axis translational stage (Figure 9-3) has been constructed that permits flexible orientation of 

the system in 3D space.  

 

Endoscopes with integrated LEDs are not yet widely available. In medicine. endoscopes usually 

rely on an external light source that is coupled via a fiberoptic cable. 

In our prototypes, illumination modeling between the LED and the light guide using Light Tools 

(Synopsys) revealed a significant amount of light is lost at the interface between the LED lens 

and the light guide. A properly designed reflector may decrease scattering and significantly 

Figure 9-2: Complete system model with endoscopic attachment and new filter wheel. 

(Left) Original system design; (Right) New endoscope coupled prototype to with ten position 
filter wheel. (Adaptor in green 3D printed by Yong  Hu). 
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increase in light intensity from the existing LED. In literature the use of an endoscope with 

15mW/cm2 reported no adverse tissue effects (205). Given this finding there is also room to further 

increase the power from the LED.  

9.2.2 Regarding Gender Specific Differences In Studied Patient 
Population 

 

4 Axis Mount 3D CAD Model Endoscope Attachment

OR - Oblique Insertion OR - Vertical insertion Clinical Examination

Figure 9-3: Endoscope attachment and 4 axis translational mount. 

Design and construction of endoscope stage.  

Coarse X and Z movement (Φ, range ± 75º) and (Θ, range 0º - 70º),  
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Gender specific differences in oral screening: 

Additional aims for future research include investigation into gender differences present in the 

detectable causes, pathophysiology, and screening of oral cancer between sexes and 

subsequently the direct incorporation of gender specific image classifiers for patient screening. 

Gender differences can underlie different exposures, risk factors, pathology, and responses to 

treatment, yet due to the historically male predominance in oral cancer, the disease has minimally 

been studied in women(291–293). Although the incidence of most head and neck cancer is 

declining, the there has been a marked increase in oral tongue cancers in young adult females 

with no known risk factors. Women with OSCC are less likely to use alcohol and tobacco yet the 

incidence in women has been steadily increasing over the past two decades(294–297). In 

addition, recent investigations are beginning to uncover statistically significant differences 

between men and women diagnosed with OSCC for almost all investigated socio-demographic, 

clinical, and pathological variables(298). Existing theories concerning sex specificity include 

estrogen deficiency, elevated fasting glucose, and HPV status as having a gender specific role in 

older females, yet the causative agent to the current increase in diagnosed young-adult females 

remains to be investigated(299–302).  

 

The earliest known indicators of developing premalignant and malignant pathology are oral 

mucosal cyto-morphological changes at the nuclear and structural tissue scale(303–305). DOCI 

is poised to develop the first quantitative and noninvasively screen based on measured intrinsic 

fluorescence lifetime as a proxy for the morphologic and metabolic state of the inspected tissue. 

This research poses to provide valuable insight into the spectral signatures of the immediate 

tumor microenvironment and enables us to construct a framework for evaluating the earliest 

detectable hallmarks of disease pathophysiology. Furthermore, our experiments have already 

begun to produce valuable data that will enable the development of unique image classifiers (as 
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recently validated in application to OSSC histologic analysis(306)), unique screening regimens, 

and possibly earlier and specialized treatments. 

 

The introduction of a quantitative screen with prognostic markers would be clinically useful in 

delineating the aggressiveness of these tumors and thus in tailoring the best treatment strategy 

for each patient(307). Our tool is one of the first tools that could identify such prognostic markers 

via intrinsic tissue measurements. Future efforts may be directed towards refining this instrument 

to better screen men and women, and generate further leads worth investigating regarding the 

rising incidence of oral cancer in women.  

 

Gender specific differences in endocrine surgery: 

This tool may also be applied to study gender differences attributable to the development of 

primary hyperparathyroidism, and creation of gender specific image classifiers may be generated 

to uniquely benefit women in the treatment of their disease. 

 

Primary hyperparathyroidism is more common in females for reasons not readily apparent(308). 

Differences between the sexes pervades all clinical experience in medicine, leading to different 

exposures, risk factors, pathology, and responses to treatment, yet the morphological auto-

fluorescence lifetime spectra of in vivo parathyroid glands has yet to be investigated. Meanwhile, 

literature reports that high body mass index and female gender are associated with an increased 

risk of nodular hyperplasia of parathyroid glands(309). In addition, a notable finding underscoring 

hormonal gender related differences in the pathophysiology of disease is the recent publication 

that exogenous female hormone use is associated with nearly a twofold risk reduction in female 

head and neck neoplasia(310). Accordingly, we aim to investigate the effects of the hormonal 

milieu in our ongoing research regarding the structural presentation and detection of disease in 

women. 
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Women uniquely experience menarche, pregnancy, and menopause, and also differ in their 

presentation of hyperparathyroidism in comparison to males. Male patients more often present 

without symptoms, present with vitamin D deficiency, and have larger parathyroid glands(311). 

Women are affected twice as often as men; however, this ratio varies from close to equal in 

patients younger than 40 years to an almost 5-fold excess in patients older than 75 years(312–

314). A quarter of cases of primary hyperparathyroidism occur in women during the childbearing 

years, yet literature regarding the disease during pregnancy is scarce(315). A strongly justified 

future aim may be to fill the void in existing literature concerning the spectral and morphological 

profiles of hyperparathyroidism during these time-periods that are unique to females.  

 

Additional strengths of our approach are the preservation of positional information and the tumor 

microenvironment during imaging. Intratumoral heterogeneity is widely recognized as a critical 

factor in nearly all human solid tumors(316–318). Accordingly, parathyroid adenomas are 

comprised of distinct cellular subpopulations of variable clonal status that exhibit differing degrees 

of calcium responsiveness. The recent emergence of these biochemically defined subclasses of 

parathyroid tumors suggests a previously unappreciated degree of functional heterogeneity in 

PHPT(319). Distinct populations have been detected from single cell fluorescence, and we will 

investigate if this translates into tissue-wide detectable differences(319). Our non-invasive tool 

can probe the biochemical profile of the parathyroid gland and surroundings to detect differences 

attributable to hormone levels, fat localization, and the recognition of unique anatomic 

relationships to improve gland localization. 

 

This need may be addressed by creating adequately powered female cohorts to enable statistical 

investigation regarding tumor heterogeneity from our acquired multidimensional spectral data in 

regards to differences in patient sex. The lack of live intraoperative imaging tools for real time 
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human tumor tissue identification remains a significant translational challenge(319). We are 

proceeding to implement our tool in the clinic and call attention to the value in a future database 

(and tool) that incorporates hormonal gender specific differences in its function from the earliest 

implementation in surgery. 

9.3 Medical Device Development in Academia 

Basic science research can elucidate the rich complexity of the physiology and pathophysiology 

of oral cancer. The gap between the knowledge gained from blue sky research and direct 

applications to improve patient care, however, is substantial. Medical device development, on the 

other hand, bridges basic science to advancements in treatment that streamline the 

transformation of abstract pathophysiology into clinically-relevant measurements and 

benchmarks. 

 

Device development in academia is incredibly high-risk and much of the difficulty is in filtering out 

which projects to advance from the many existing options. Identifying projects that will succeed is 

difficult, however, a thorough concept design process can help select projects with potential. The 

critical path in the development of an idea to a product includes: invention and patent application, 

basic research, product design and development, manufacturing, pre-clinical and clinical testing, 

regulatory review, and commercialization. 

 

The first step in developing a device is identifying a clinical problem and the associated unmet 

need. When identifying an unmet need, it is critical to clarify the stakeholder and a specific 

measurement of success, while maintaining a broad statement of purpose. After creating a list of 

unmet needs, a rigorous screening process should be performed to evaluate a primary need for 

feasibility, efficacy, and other relevant parameters (320). For example, an unmet need in OSCC 
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cancer treatment might be stated as: A safe and effective means for identifying the presence and 

location of abnormal tissue in an oral lesion, with the production of real-time results during 

screening and tumor resection.  

 

After a primary need has been identified, concept generation is a process that should be explored 

in an iterative process. Brainstorming of multiple concepts should be performed, then rated 

according to a set of parameters and outcome measures. Once a top concept has been selected, 

modelling and evaluation of prototype performance should be measured against pre-defined 

needs and outcome measures. A selection matrix can be created to calculate the risks and 

benefits associated with each concept. While many concepts show promise to address a clinical 

problem, it is important to consider feasibility, including: cost of production, complexity of design, 

implementation at multiple levels of the healthcare infrastructure, and the ratio of benefit relative 

to the amount of time and energy invested. 

 

Once a clinical problem has been selected, multiple iterations and stages of defining a primary 

need, brainstorming concepts, selection of concepts, and prototyping can be performed until a 

pre-clinical prototype has been developed that meets pre-determined benchmarks. The 

technology may then undergo a file for patent protection given that the developer’s intellectual 

property adds the necessary value to an emerging technology that is essential for future 

investments of resources necessary for clinical trials. Once a preliminary stage device is 

constructed it must be tested in a preclinical setting (often a small animal model) to establish proof 

of concept. In a specific example related to imaging, this includes viable results, image generation, 

and validation of contrast mechanism. If the device proves efficacious in pilot studies, the product 

is designed (i.e., portability and spatial dimensions) with considerations of: use in the clinical 

setting (prior to clinical trial), improvement upon current standards of care, no substantial increase 

in patient harm, consistency of contrast mechanism with human results, and a clear benefit to 
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patients. Meeting these conditions may qualify the device for FDA clearance for potential 

commercialization and widespread use. The review process, however, may take upwards of 

several years and many devices fail to meet these criteria and provide limited or insufficient data. 

 

Not only is it necessary to produce new healthcare products and to establish their proper use in 

the correct patient population, it is also necessary to create policy changes, reimbursement 

alterations, and shifts in healthcare paradigms before translation of the device is fully realized in 

clinical use. One reason that emerging imaging modalities are such an attractive avenue for 

device development is that the necessary challenges in policies and protocols to overcome to 

ensure proper use is considerably decreased when compared to invasive tests. 

9.4 Center for Advanced Surgical and Interventional Technology at 
UCLA 

Translational research for new medical devices and diagnostics encompasses aspects of basic 

science and clinical research, requiring a multi-disciplinary team with access to unique resources 

(321). Traditionally, academic laboratories value novelty over factors relevant in industry, namely: 

robustness of performance, feasibility of manufacturing, scalability, avenues for reimbursement, 

and commercial potential. An ideal laboratory integrates engineers and medical doctors to design 

novel technologies that are immediately available for direct use in patient care. 

 

The Center for Advanced Surgical and Interventional Technology (CASIT) is an interdisciplinary 

research center in the David Geffen School of Medicine at UCLA with satellite laboratory facilities 

throughout the UCLA campus. CASIT was founded over two decades ago as a program to 

research, develop, and teach advances in medical and surgical interventional technology through 

collaboration between the schools of Medicine and Engineering. 
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The goal of CASIT is to apply these multidisciplinary resources to advance medical and surgical 

interventional technologies, including tele-mentoring, tele-surgery, medical simulation, robotic 

surgery, surgical training, and image-guided and minimally-invasive medical and surgical 

interventions. Over the last three decades, medicine has increasingly relied on engineering for 

the terrific advances that have been achieved in interventional technologies. Interdisciplinary 

teams are critical to the successful design of interventional systems, instrumentation, and tools. 

CASIT provides a unique facility (Figure 9-4) where engineers, basic scientists, and clinicians can 

interact and develop tools and procedures for a broad range of interventional therapies. CASIT 

takes advantage of the depth of engineering, basic science, and medical expertise that resides 

on the UCLA campus, and provides a focal point for the exchange of ideas, creation of new 

intellectual property, development of new instrumentation and procedures, and their transition to 

industry. 

9.5 Commercialization 

While translational science encompasses a range of modalities, including small-molecules, 

biologics, instruments, surgical or clinical methods, and behavioral changes (e.g., diet, exercise, 

Figure 9-4: Center for Advanced Surgical and Interventional Technology dry lab at UCLA. 

Collaborative efforts between clinicians and engineers have led development of an integrated 
surgical suite with robotic surgical simulators, intraoperative ultrasonic imaging, and diagnostic 
MRI-ultrasound fusion devices. 
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smoking cessation), this chapter focuses specifically on medical device development and 

imaging. Historically, the decades of innovation in the semiconductor industry (as characterized 

by Moore’s law) have tremendously impacted scientific progress and medical care (322). Indeed, 

the iterative improvements in computer hardware, sensors, and detectors with advanced 

capabilities have resulted in the short life-cycle of these products. Furthermore, the subsequent 

decrease in their cost has led to a profound increase in the availability of electronic devices for 

medical purposes (323). Currently, there are a remarkable amount of next-generation imaging, 

sensing, diagnostic and measurement tools in development with the aim of providing additional 

information to the doctor for making decisions (324). As an example, imaging devices can 

augment a physician’s ability to detect and treat diseased tissue. Imaging systems may be 

integrated into several different phases of medical treatment since the detection and 

differentiation of tissue pathology is important during early patient screening, surgery in the 

operating room, and while checking for recurrence of disease. In brief, medical device 

development is an exciting field because it links basic science research with improved patient 

outcomes.  

 

The ultimate translation of new technology for clinical use is a meticulous and costly process that 

requires multiple levels of verification and validation of scientific merits, safety, and efficacy. 

Growing regulations by the FDA have increased the time and costs associated with achieving this 

goal (321). A movement of medical innovation is underway despite increased regulations because 

investors, biotech hubs, and private companies have expanded the available funding for 

translational science (325). The funding and support required for clinical translation can reduce 

the time from idea to implementation and is stimulating the development process. 

 

The FDA outlined a model of the device development process in five stages: (1) medical need 

identification and concept design, (2) prototype development in a preclinical context, (3) safety 
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and efficacy evaluation in clinical trials, (4) FDA review, and (5) reimbursement assignment (326). 

In this model, devices are invented to fill an unmet need and improve patient care. Each stage of 

the development process further refines the original concept and brings the novel discovery one 

step closer to the clinical context in which it will be used.  
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APPENDIX A: SUPPLEMENTARY MATERIAL AND FIGURES 

A1. Malignant Melanoma 

In vivo  

 
Ex vivo  
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A2. Lichen Planus  

In vivo 

 
Ex vivo (external side with pathology) 
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Ex vivo (medial side facing healthy tissue) 

 

A3. Squamous Cell Carcinoma 

In vivo  
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A4. Basal Cell Carcinoma During Mohs Surgery 

In vivo  

 
Ex vivo 
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