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ABSTRACT 
 

We evaluate the changes in fluorescence from endogenous fluorophores such as amino 

acids, structural proteins and enzymatic co-factors to predict malignancy and risk of 

developing ovarian cancer.  249 ovarian biopsies of the surface epithelium were 

interrogated in vitro, over 270-550 nm excitation, and fluorescence was collected from 

290-700nm.  Spectroscopic data was analyzed using parallel factor analysis (PARAFAC) 

to determine excitation and emission spectra of the underlying fluorophores that 

contribute to the total detected fluorescence intensity.  Using multivariate normal 

distribution fits and cross-validation techniques, sensitivity (SN) and specificity (SP) of 

88 and 93 percent, respectively, were achieved when classifying malignant samples 

versus others, while 88 and 80 percent, respectively, were achieved when classifying 

normal post menopausal patients as being either at low- or high-risk of developing 

ovarian cancer based on their personal and family history of cancer. Also, the 

performance of classifying cancer increases when the normal group excludes benign 

neoplasm and endometriosis samples, while the performance of low- v. high-risk 

decreases when both pre- and post-menopausal samples are included.  

These results could potentially be useful in screening women at increased risk of 

developing ovarian cancer.  This motivated our study to investigate similar changes in 

ovarian autofluorescence in vivo. 40 patients were recruited and a total of 189 samples 

were imaged using a fiber optic bundle and biopsied.  Using PARAFAC, the factors 

computed from in vitro data analysis and in vitro data as a training set; pathology from 

each in vivo site biopsied was compared to calibrated tissue-fluorescence.  It resulted in a 
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SN and SP of 100 and 94 percent, respectively, for classifying normal versus malignant.  

In the case of risk assessment, cross validated in vivo data gave a SN and SP of 68 and 

93%.  Results obtained were consistent with those obtained in vitro, except for the 

presence of blood absorption peaks which affected risk assessment.  Assessing 

endogenous fluorescence has diagnostic potential and if adapted to trans-vaginal access, 

would make the screening procedure less costly and less invasive, and would be most 

useful and economical in women at increased risk of developing ovarian cancer and 

might determine the ideal time to undergo an oophorectomy. 
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CHAPTER I: INTRODUCTION 

 

This dissertation describes the use of fluorescence spectroscopy for the early detection of 

ovarian cancer, a key for higher survival rates.  The spectral region investigated is the 

ultraviolet-C through visible. Clinical measurements are first performed in vitro to 

determine the usefulness of this technique to identify malignant ovarian tissue and also to 

spectroscopically assess the lifetime risk status of the patients to develop ovarian cancer.  

Results are quantified in terms of understanding and separating the contribution of key 

endogenous fluorophores altered by carcinogenesis and their corresponding sensitivities 

and specificities.  To perform similar measurements in vivo, a clinical research device is 

built and used in a clinical operating room to perform comparable measurements in 

consented patients.  Results obtained here are compared to those obtained in vitro and 

show that this could be useful and economical in women at increased risk of developing 

ovarian cancer by determining the ideal time to undergo oophorectomy, and in the case of 

younger women, improve their chance to stay fertile and avoid the morbidity associated 

with early onset of menopause. 

 

1.1 Motivation 

Ovarian cancer has the highest mortality rate of all gynecological cancers
1-3

.  In 2013, it 

was the fifth leading cause of cancer related death among U.S. women, and 22,240 new 

cases and 14,030 deaths were projected
3
.  When detected in late stage (e.g. III-IV) 5-year 

survival is low (5-30%)
4
.  Survival rates are also influenced by the stage and histological 
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type of ovarian cancer.
5, 6

  When disease is confined to the ovaries five-year survival is 

eighty to ninety percent supporting the need for early detection
7
.  The major obstacles in 

developing an early detection protocol for ovarian cancer are: an undefined pre-malignant 

lesion, a potential for early metastasis
8
, poor access to the ovaries and the fallopian tubes, 

lack of efficacy in screening technologies, and the tendency of the disease to be 

asymptomatic in the early stages.  Additionally, given that ovarian cancer is a rare 

disease, it is often difficult to identify women at risk. 

  

1.2 Origin and Screening  

Ninety percent of ovarian cancers originate from the surface epithelium of either the 

ovary or the fallopian tube
9
 and the more aggressive of these cancers may metastasize 

very early to the peritoneal cavity.  Figure 1.1 shows the schematic and histopathological 

view of the surface epithelium of a human ovary.  Early diagnosis, while the disease is 

still localized at its origin, results in higher cure rates as it provides the physician with 

more treatment options such as minimally invasive surgery and chemotherapy
8,10

.  

Despite advances in invasive and noninvasive treatment methods, clinically significant 

improvements in the development of screening techniques for early detection of ovarian 

cancer is not yet available.  Additionally, since the US prevalence of ovarian cancer is 

very low (0.04%)
11

, strict specificity requirements are needed for a screening test to avoid 

having too many false positives, and thus fewer women going through unnecessary 

surgeries and treatment.  A high positive predictive value (PPV, a ratio of true positives 

divided by the sum of true positives and false positives) is needed to accomplish this
11-13

.  
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Typically, a screening strategy must achieve a minimum specificity of 99.6% and a 

sensitivity of greater than 75% to attain a positive predictive value of 10%. 

 

 

(A) 

 

(B) 

Figure 1.1: Schematic of human ovary with and H&E stained ovarian biopsy. (A) 

Schematic of a human ovary with the interface of the surface epithelium and stroma 

highlighted. (B) A histopathological slide at 40X magnification (1X insert) of the surface 

of the ovary for a patient (patient K406, left ovary consented through IRB Federal Wide 

Assurance Compliance: FWA00004218, Project No. 02-0495-01). 

The surface epithelium is the site for 90% origin of ovarian cancer and is ~10-15µm in 

thickness. 

 

1.3 Genetic Links 

Evaluation of the family history of breast and ovarian cancer along with genetic testing 

can identify women at increased risk of developing ovarian cancer.  These women may 

benefit from additional diagnostic techniques to determine the optimal time of 
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oophorectomy.  Techniques allowing surveillance of the ovary have the potential to 

prolong fertility and will delay the morbidity associated with early onset of menopause. 

Furthermore, should proteomics testing
13

 be able to identify patients developing ovarian 

cancer; optical evaluation of the ovary may become the procedure of choice to perform a 

second diagnostic evaluation to minimize false positive results .  

 

1.4 Present Tests and Techniques  

Presently the tests available for screening patients are focused in two main areas 

consisting of proteomics and imaging.  Using proteomics, the most commonly used blood 

serum biomarker is cancer antigen 125 (CA-125).  However, it is not specific for ovarian 

cancer nor 
14, 15

 is it highly sensitive, since 20% of patients may not have elevated levels 

of CA-125 in the blood
16-18

.  In order to improve the diagnostic value of these tests, some 

have suggested using CA-125 biomarker in combination with other biomarkers
18-20

.   

Several groups are investigating optical technologies to nondestructively image 

tissue at high resolution for the early diagnosis of ovarian cancer.  Some of the promising 

methods are confocal microscopy
21-23

, non-linear microscopy
32

, spectroscopy
20

, and 

optical coherence tomography (OCT)
24, 25

. 

Using imaging techniques like MRI, CT and ultrasound, surgical planning can be 

performed, but accuracy in detecting early stage disease is poor
26

.  However, using 

transvaginal ultrasonography (TVS) by itself in an eighteen-year study employing an 

annual screening of 25,000 women resulted in a specificity of 98.7% and sensitivity of 

85.0%. Then again, these results are associated with an increase in the ovarian volume at 
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the time of detection and so are not effective in detecting ovarian cancers in women 

whose ovarian volume does not change much with onset of disease.  Furthermore, Lu et 

al., have evaluated a combination of proteomics and imaging, wherein changes in CA-

125 levels over time in postmenopausal women with no significant family history of 

breast or ovarian cancer, followed by TVS, provides early evidence that this is a feasible 

strategy for screening women over fifty years of age
27, 28

.  

 

1.5 Dissertation Focus: Fluorescence Spectroscopy and Ovarian Cancer 

Detection 

We investigate fluorescence spectroscopy of the ovarian surface, as a screening or 

diagnostic aid in the early detection of ovarian cancer.  During fluorescence excitation, 

photons are absorbed by the tissue constituents, which moves them in an excited 

molecular state.  As the excited constituents relax to the ground state, the energy 

absorbed is dissipated through non-radiative and radiative pathways.  The radiative 

energy is usually less than the absorbed energy resulting in a longer wavelength emitted 

at a Stokes shift from the excitation wavelength.  The fluorescence intensity measured is 

typically linearly dependent with respect to the excitation intensity, with a single 

absorbed photon leading to an excited state. The recorded fluorescence intensity is also 

determined by the fluorophore extinction coefficient, fluorophore concentration, and 

fluorophore quantum yield.  Fluorescence emission can be measured with spectroscopic 

techniques, collected spatially for imaging, or in a combinatory spectroscopic/imaging 

application.  
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For every site measured on the ovarian biopsy, the excitation and the 

corresponding emission spectra were assembled to form an excitation-emission matrix 

(EEM) with rows as excitation wavelengths and columns as the corresponding emission 

wavelengths.  Every entry in this matrix corresponds to a fluorescence intensity value at 

that particular wavelength (row) produced by the corresponding excitation wavelength 

(column).  Example EEM’s of a 59 year-old post-menopausal patient who had a normal 

right ovary and a malignant left ovary is shown in Figure 1.2.  The EEM from the 

malignant ovary shows an overall decrease in general fluorescence intensity as compared 

to the EEM from the normal non-malignant ovary. 

 

 

Figure 1.2: Calibrated normal and cancer excitation-emission matrices (EEM’s). Vertical 

axis is the excitation light or input to the ovarian biopsy while the horizontal axis 

represents the emission or the light detected.  The matrix represents fluorescence 

intensity data at the measured site for (A) a site on the ovary that is normal, and (B) that 

has cancer.  The contour map represents lines of equal intensity. One can appreciate 
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multiple fluorophores or factors to this map with peaks qualitatively corresponding to 

fluorescence maximums and valleys corresponding to low fluorescence or absorption. 

Amino acids such as tyrosine and tryptophan, structural proteins such as collagen 

and elastin, and enzymatic co-factors such as NAD(P)H and FAD have fluorescence 

properties.  Tyrosine and tryptophan are both excited near 280nm, while tryptophan 

fluorescence dominates at 340nm emission in tissue.  NAD(P)H is highly fluorescent, 

with excitation and emission maxima at 340nm and 460nm, respectively.  FAD can be 

excited around 450nm, and emits around 520nm.  Collagen and elastin when excited 

below 340nm have emissions near 380nm.  However, in this case different emission 

spectra are observed with longer excitation wavelengths and indicate a complex 

combination of fluorophores within collagen.  The response of these biomarkers is a 

function of cell activity (proliferation, tumor formation, etc.) and composition of 

extracellular matrix.  A fluorescence based system can investigate changes in epithelial 

cell metabolism by assessing mitochondrial fluorophores such as the metabolic co-factors 

NAD(P)H and FAD.  Epithelial-stromal interactions modify collagen cross-linking of the 

extracellular matrix which can result in changes in fluorescence of these cross links.  

Currently there is a paradigm shift that many of the cancers arise within the fallopian tube 

in patients with BRCA mutation.  So our approach of targeting the ovarian surface and 

subsurface may not detect changes in the fallopian tube.  However, there may be changes 

in the extracellular matrix (a field effect) in the ovary as suggested by SHG of the ovary, 

which can also be measured with fluorescence spectroscopy, due to the sensitivity of this 
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technology to changes in the structural proteins and the associated changes in other 

fluorophores.   

By applying a fluorescence spectroscopy technique; this dissertation aims at 

investigating the usefulness of the technique in assessing early neoplastic changes in the 

ovary and catching them with high sensitivity and specificity. Furthermore, with an 

approach of first performing these investigations in vitro and identifying the underlying 

fluorophores and their specific diagnostic contributions, this dissertation follows the 

development of a clinical device to perform similar measurements in vivo and presents 

the sensitivities and specificities of fluorescence spectroscopy for early detection of 

ovarian cancer and for estimating the patient’s lifetime risk-status of developing the 

disease.  These are described by the following specific aims and presented in three 

appended manuscripts. The description of these manuscripts and their relevance to each 

other as well as the overall aims of this dissertation are presented in the following 

chapter, Present Study.   

 

1.6 Specific Aims 

Specific Aim I: In Vitro Study  

To investigate fluorescence from the surface epithelium of the ovary in vitro and 

understand the specific diagnostic contribution of the underlying endogenous 

fluorophores (factors). 

 

Specific Aim II: Clinical Device Development 
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To build a clinical device and a medical-grade fiber optic probe that can be used in an 

operating room to perform fluorescence measurements on a live human ovary. 

 

Specific Aim III: In Vivo Study 

To investigate if the results obtained in vivo compare to the results obtained in vitro and 

to understand the practical limitations. 

 

1.7 Literature Review 

There are several groups performing significant research in the use of fluorescence 

spectroscopy primarily for early detection of cancer.  Here are some of the key groups 

who have, over several years, come up with different fluorescence detection methods and 

continue to optimize their efforts: 

The research work performed by Dr.'s Rebekah Drezek, Anais Malpica, Michele 

Follen and Rebecca Richards-Kortum, from Rice University, University of TX and M.D. 

Anderson Cancer Center focuses on cervical autofluorescence using laser-scanning 

fluorescence confocal microscopy wherein they found that that precancerous cervix 

reflects an increased number of metabolically active mitochondria in epithelial cells and a 

reduced stromal fluorescence indicating an altered communication between precancerous 

epithelium and stroma.  This could explain the differences in in vivo fluorescence spectra 

of normal and precancerous cervical tissue.  They also showed that remodeling of the 

stroma leads to structural changes in the collagen matrix, accompanied by loss of 

collagen fluorescence and a decrease in stromal scattering
29

. 
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 In the collaborative research work performed by Dr.’s Molly Brewer, Urs 

Utzinger, Elvio Sliva, David Gershenson, Robert C. Bast, Michele Follen and Rebecca 

Richarsd-Kortum from the Universities of Texas, Arizona and MD Anderson Cancer 

Center, for characterizing the in vivo effects of fluorescence measurements on tissues, 

some UVC through near-visible wavelengths were identified to be critical for 

differentiating malignant from normal tissue
26

. 

 Dr. Kah, JC and his research team from the National University of Singapore 

performed image analysis of photosensitizer fluorescence and was able to establish a 

relationship between histopathology and endoscopic imaging in the case of bladder 

cancer
30

. 

 Dr. Irene Georgakoudi (now at Tufts University) then at the late Michael S. Feld's 

G.R. Harrison Spectroscopy Laboratory at MIT has addressed the limitations of 

distortions introduced in the measured fluorescence by scattering and absorption. Such 

distortions have been removed by combining information in simultaneously measured 

fluorescence and reflectance spectra.  When quantitatively evaluating the fluorescence 

from biomarkers like NADH and collagen, during the in vivo detection of dysplasia in the 

cervix and the esophagus, diagnostically significant biochemical changes between normal 

and dysplastic tissues were available. Furthermore, the group has successfully used 

fluorescence spectroscopy along with reflectance and light-scattering spectroscopy to 

evaluate dysplasia in patients with Barrett’s esophagus. 
31

 

Dr. Nirmala Ramanujam from Duke University has investigated the use of 

fluorescence spectroscopy for differentiating neoplastic and non-neoplastic tissues and its 
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use especially in endoscopically invisible early neoplastic growths.  To a much lesser 

extend she has also explored the use of time-resolved fluorescence measurements for 

tissue characterization 
32

.   

Dr. Jaclyn Hung (now at the UT-San Antonio) and Dr. Branko Palcic from the 

Department of Pathology, British Columbia Cancer Agency found, as early as 1991, 

significant spectral differences between pre-cancerous, cancerous, and normal bronchial 

tissues.  They claimed that this difference could be developed into a method to image 

and/or detect early lung cancer by using tissue autofluorescence
33

. 

 Dr. K.K. Mahato’s group at the Division of Laser Spectroscopy, Manipal 

University has evaluated the efficacy of laser-induced fluorescence (LIF) at for the 

discrimination of normal, benign and malignant ovarian tissues.
27

 

 Carrie K. Brooknera along with Dr.’s Urs Utzinger, Gregg Staerkel, Rebecca 

Richards-Kortum and Michele F Mitchell from UT Austin and MD Anderson Cancer 

Center were able to accurately classify squamous intraepithelial lesions (SIL) (measured 

in vivo) based on fluorescence emission spectra from women with and without history of 

cervical neoplasia.  The same group collaborated with Dr. David Schottenfeld from the 

Univ. of Michigan (Dept of Epidemiology) and found that in terms of screening for SIL, 

fluorescence spectroscopy performed better than Papanicolaou smear screening, and less 

well than screening colposcopy, cervicography, HPV testing, and cervicoscopy
34

. 

 Other groups that have significantly contributed to this area are Dr. Kevin T 

Schomacker and collaborators from Mass General Hospital and Harvard Medical School 

who have investigated the significance of UV laser induced fluorescence of the colon, Dr. 
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Anita Mahadevan-Jansen’s group at Vanderbilt University who has investigated the 

effect of fluorescence spectroscopy on normal and neoplastic human cervical tissue, 

Daron G. Ferris from the Medical College of Georgia collaborating with Atlanta Medical 

Center and SpectRX, Inc. investigating the use of multimodal hyperspectral imaging to 

non-invasively detect, localize and diagnose cervical neoplasia. In addition to these, there 

are several other smaller groups in several countries investigating and optimizing the use 

of fluorescence spectroscopy for early detection of cancer. 
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CHAPTER II: PRESENT STUDY 

 

A full description of the materials and methods, results, and conclusions 

supporting this project are presented in a series of three manuscripts appended to this 

dissertation.  These manuscripts are based on each of the specific aims outlined in the 

previous chapter.  This chapter summarizes the findings of the manuscripts in the context 

of this dissertation project, highlighting the supporting connections between each, their 

scope relative to the aims of this dissertation, and finishes with descriptions of my 

individual contributions to the reported work. 

 

S1. Specific Aim I 

 In order to appreciate the utility of fluorescence spectroscopy as a diagnostic tool, 

it was necessary to understand the individual contributions of the key endogenous 

fluorophores as outlined in Specific Aim I.  This was accomplished by performing an in 

vitro clinical study with 49 patients and 249 samples collected from them.  Spectroscopic 

data was statistically compared to histopathological data to obtain sensitivity and 

specificity for cancer diagnostics and risk-status assessment. PARAFAC was used to 

extract the contribution from individual fluorophores.  This work was published in March 

2012 by the Journal of Lasers in Surgery and Medicine, and is presented in Appendix A. 

 

S1. Results and Conclusions 
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 In this study we found that, using PARAFAC we were able to identify nine 

underlying endogenous fluorophores and their specific contributions for ovarian cancer 

diagnostics and their lifetime risk-status assessment for developing cancer.  The 

endogenous fluorophores identified by comparing their excitation and emission spectra 

with literature values were tryptophan, tyrosine, beta carotene, collagen type I, 

NADP(H), collagen@390nm excitation, FAD, collagen associated with FAD and 

collagen@550nm excitation.  The increase or decrease in fluorescence intensities of these 

fluorophores with the presence or absence of cancer were verified with past reported 

results.  Using multivariate normal distribution fits and cross-validation techniques, 

sensitivity and specificity of 88 and 93 percent, respectively, were achieved when 

classifying malignant samples versus others, while 88 and 80 percent, respectively, were 

achieved when classifying normal post menopausal patients as being either at high- or 

low-risk of developing ovarian cancer based on their personal and family history of 

cancer.  Performance of classifying cancer increases when the normal group does not 

include benign neoplasm and endometriosis samples. Performance of low- versus high-

risk classification decreases when normal samples include both pre- and post-menopausal 

women. The changes in fluorescence of tryptophan, beta carotene, collagen type I and 

NAD(P)H) were identified as most important for classification between normal and 

cancer samples, suggesting that the excitation spectral range of 270-400nm has the best 

cancer diagnostic value.  Furthermore, based on the findings between the low- and high-

risk groups, we found that fluorophores are most influential in the 380-560nm range for 

determining the risk status.  These fluorophores are collagen@390nm, FAD, FAD related 



 

26 

collagen, collagen@550nm and overall fluorescence intensity.  We were able to conclude 

that, assessing the endogenous fluorescence could be useful in screening women at 

increased risk of developing ovarian cancer. 

  

S1.Dissteration Scope 

In the context of Specific Aim I, the results presented in Appendix A provided a 

useful correlation between the underlying endogenous fluorophores and the factors 

extracted from PARAFAC, and were able to identify how these factors vary in malignant 

and non-malignant samples.  Also the factor (fluorophore) combinations relevant to 

cancer diagnostics and risk assessment were separately identified.  The results obtained 

from this study can be used to create a portable spectroscopy device for in vivo 

measurements that uses a wide range of excitation wavelengths to create statistical 

algorithms for cancer diagnostics and lifetime risk status assessment of developing 

ovarian cancer. 

 

S2.  Specific Aim II 

In order to perform comparable measurements (discussed in Appendix A) in vivo, 

a clinical device with a medical-grade fiber optic probe was developed.  This was 

accomplished by designing an operating room compatible, optical spectroscopy system 

with a fiber optic probe to excite the surface epithelium of the ovary, over 270-580nm 

and collect fluorescence at 300-800nm.  Over three generations of fiber optic probes were 

designed (schematics shown in Appendix D).  The excitation and emission collection 
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elements were identical in all three versions, and they primarily differed in ergonomics 

and biopsy collection.  Details on the design, selection and development of the 

components used in the system are published in the Journal of Biomedical Optics  

(September, 2010) and are presented in Appendix B. 

S2. Results and Conclusions 

 In this study we successfully designed and built a clinical device for use intra-

operatively to perform safe, reliable and calibrated clinical measurements on ovaries.  We 

were able to overcome the substantial challenges involved with its implementation.  

These challenges were related to background signal suppression, patient UV-exposure 

safety, ergonomics of the probe, time spend in the operating room, clinical engineering 

parameters, calibration and quality control. Once the system was ready, an out-of-band 

suppression of four orders or better was achieved at wavelengths where fluorescence 

occurred.  UV-exposure was less than 12% of the threshold limiting value for skin, which 

is well below the limit.  Data acquisition was completed within 20 seconds per site (total 

of four sites per ovary).  The leakage current was at 10%, while the ground continuity 

was at 2/3
rd

 that of hospital requirements (details presented in Appendix E).  Calibration 

and quality control were implemented.  Performance of the system closely compared to 

that of an industry-standard bench-top device.  Thus, we have an effective clinical system 

that can perform clinical measurements in an operating room.  This got us ready for an in 

vivo clinical trial.  

 

S2.Dissteration Scope 
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 In the context of Specific Aim II, the results in Appendix B provide a useful safe 

and calibrated clinical system with ergonomic fiber optic probes for use in an operating 

room. An IRB protocol developed in association with gynecologists-oncologists was used 

to enroll potential patients (registered to undergo oophorectomy) and image them before 

the ovaries are excised from the body.  The fiber optic probe also includes site annotation 

feature, so that the measured site can be marked and located for biopsy purposes.  Thus, 

the clinical device along with the fiber optic probe provides the necessary tools to make 

clinical measurements possible well-within the time frame set by the IRB.   

 

S3. Specific Aim III 

 In order to perform clinical measurements in vivo, in an operating room, a clinical 

trial was started in summer 2004 with the goal of recruiting 40 consented patients for in 

vivo measurements using the clinical device and fiber optic probes.  The goal was to 

compare spectroscopic data obtained in vitro with that obtained in vivo.  A total of 189 

samples were imaged and biopsied.  The clinical trial ended in summer 2010.  All three 

generations of the fiber optic probes were employed.  Spectroscopic data obtained in vivo 

along with its histopathological diagnoses was cross validated with itself to determine 

sensitivity and specificity for cancer diagnostic and risk assessment.  Furthermore, the 

prior in vitro data and its histopathological diagnosis were used as a training set to 

classify in vivo data and the corresponding sensitivity and specificity percentages were 

obtained.  As of August 2013 the manuscript detailing this work is under internal review, 
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after which it will be submitted to the Journal of Lasers in Surgery and Medicine. The 

current version of this paper is presented in Appendix C. 

 

S3. Results and Conclusions 

 In this study we found that PARAFAC was able to extract eight underlying 

endogenous factors whose excitation and emission spectra were closely matched to that 

of endogenous fluorophores from the literature.  To use the in vitro data (spectral data 

along with the histopathological diagnoses) to train the classifier, we had to eliminate five 

excitation wavelengths that were not present for in vivo measurements.  PARAFAC was 

applied to this reduced in vitro dataset and eight factors were extracted.  Eight factors 

were also used to create a combined analysis where in-vitro data was used to train the 

classifier and in-vivo data was classified. This analysis was termed ‘in vitro flavored’.  

When the trained classifier was applied to the ‘in vitro flavored’ in vivo data, excitation 

wavelengths less than 350nm were found critical for malignancy diagnosis while 

excitation wavelengths greater than 350nm were significant for risk assessment. These 

findings were similar to the in vitro results.  All four cancer samples were correctly 

identified as true positives (sensitivity = 100%) while 135/143 normal samples were 

correctly identified as true negatives (specificity = 94.4%).  Fewer true positives were 

identified when benign neoplasm and endometriosis samples were added to the normal 

sample set reducing the specificity to 173/185 (93.5%).  These results were comparable 

to our findings in vitro.  In the case of risk assessment, blood absorption in vivo was 

detrimental in separating high-risk samples from low-risk samples.  However, excitations 
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greater than 350nm played a significant role, and this confirmed our findings found in 

vitro.  A sensitivity and specificity of 70 and 86% were obtained for cross correlated in 

vivo data. 

 Considering the practical limitations and complexity in an operating room that is 

designed exclusively for surgeries and emergency medicine, along with limitations in 

human ergonomics that influences fiber optic probe handling, we achieved promising 

results that could be useful and economical in developing a diagnostic tool for women at 

increased risk of developing ovarian cancer, and that might determine the ideal time to 

undergo an oophorectomy. 

 

S3.Dissteration Scope 

Overall, building on the results from the first two specific aims, endogenous 

signatures from ovarian biopsies acquired by fluorescence spectroscopy provide a useful 

tool for cancer diagnostics and risk status assessment.  From the results in Appendix C, 

we have a useful in vivo clinical device which can be potentially adapted to trans-vaginal 

access.  In the future, the peaks due to blood absorption can be factored out using 

reflectance measurements. 

 

Conclusion 

 We were able to apply PARAFAC to investigate a broad range of tissue 

fluorescence excitation and emission characteristics in vitro.  We successfully performed 

a 49-patient in vitro clinical trial, and were able to perform useful data analysis with 
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meaningful specificity and sensitivity results.  We also found that excitation over 270-

400 and 380-560 nm, respectively, have the best diagnostic performance for cancer 

detection and risk-status assessment.   

 Based on this in vitro study, we were able to build a clinical research device 

capable of performing calibrated, reliable and safe clinical measurements well within the 

time-frame set by the IRB-approved research protocol.  This was achieved by 

successfully overcoming the substantial challenges to implementation of a clinical intra-

operative device.  Three versions of fiber optic probes were built over the years.  Each 

version improved upon the prior one (ergonomics, stability, illumination).  Their 

development was based on feedback from the physician and also practical limitations 

observed while using the system to perform clinical measurements.  The performance of 

our system closely compares with that of an industry-standard spectrofluorometer 

(Fluorolog, Horiba Instruments, Inc., Irvine, California).  

 We used the clinical device in a 40-paitent clinical trial to obtain spectroscopic 

data in vivo. We used our in vitro results to obtain a model which had in vitro factors 

applied to in vivo data.  We obtained results comparable to that of in vitro.  Bearing in 

mind the complexity of getting fluorescence data in a dynamic surgical set-up (seen in 

vivo) as compared to fixed-environment (in vitro) the results obtained are quite 

promising.  For cancer diagnosis, we used our in-vitro data (25 cancer samples) to 

classify our in vivo data (4 cancer samples).  We got good sensitivity in catching the 

cancer samples.  Results were also obtained in identifying samples with a high-risk of 

developing ovarian cancer, over samples that had a low risk.   
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 Due to the influence of blood absorption, the results obtained when comparing the 

entire set (pre- and post-menopausal) to the post-menopausal-only set, were relatively 

less significant as compared to that obtained using in vitro data where there was about 

30% improvement in specificity. 

 Overall, we conclude that fluorescence spectroscopy may help screen women 

with an increased risk of developing ovarian cancer.  Fluorescence spectroscopy may also 

be useful for women who require surveillance of their ovaries or as a follow-up test to 

other diagnostic techniques.  By and large, our in vitro and in vivo study confirm that 

fluorescence spectroscopy is useful in catching neoplastic changes in the surface 

epithelium of the ovary (origin of 90% of ovarian cancer cases) and helps us to determine 

the risk-status of developing ovarian cancer.   

 

Personal contributions to published and submitted work 

Specific Aim I Contributions 

In the study in Appendix A, I reviewed the data collected from 2002-2006 by 

different laboratory personnel (William Brands and Dr. Nathaniel Kirkpatrick) for the in 

vivo study and used portions of laboratory written code (written by co-authors Michalis 

Michaelides and Dr. Urs Utzinger).  I optimized the code where necessary.  I performed 

quality control and studied the sub-routines that were associated with it so that it could be 

used efficiently with minimal guidance. Dr. Kirkpatrick developed the model to correct 

data for varying spectral sensitivity of the instrument used for fluorescence measurement. 

I wrote the manuscript and made the figures.  Through coordination with Dr. Urs 
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Uztinger (PI), Dr. Molly Brewer (Co-PI) and Tim Renkoski (colleague), it was published 

in the Journal of Lasers in Surgery and Medicine, March 2012 

 

Specific Aim II Contributions 

In the study in Appendix B, I was involved in all the details that went into 

developing the clinical device and the three generations of fiber optic probes.  I made 

them available for our in vivo clinical trial/study.  I used software developed by co-author 

(Archana Chandrasekaran) to calibrate and perform quality control.  I modified and 

debugged the LabView program that was developed in association with Tidal Photonics 

Inc., Vancouver, Canada. I also wrote additional program routines to improve the user-

interface and speed of the software. Moshe Zilversmit (colleague) helped me design the 

laparoscopic adaptor that made the first generation fiber optic bundle useful for clinical 

trial.  I worked with Elias (Alex) Garcia who provided me with his expertise in cleaning 

and material selection for ETO sterilization of the fiber optic probe.  Dr. Glenn Gerhard 

provided me insights into the clinical engineering (CE) aspects of device development.  I 

coordinated with David Moore (CE) and Connie Moore (Infection Prevention and 

Epidemiology) for certifying the device for clinical use. Dr. Kirkpatrick provided me 

with insights into some important areas of clinical device and fiber optic probe 

development.  I and Jose Padilla (summer intern) developed the syringe-based dye 

delivery system and the protocol related to OR installation and sterility.  I worked with 

Dr. Molly Brewer and Judy Mandell, RN on OR logistics and selecting the dye to be 

used.  The surgical staff provided me valuable assistance in the clinical trials.  I designed 
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the majority of the components and made the specifications available to the University 

Research Instrumentation Center (URIC) so that the parts could be custom-made.  I wrote 

the initial manuscript and made the figures, and with multiple iterations and revisions 

between Dr. Utzinger and Dr. Brewer, I have published it in the Journal of Biomedical 

Optics, October 2010. 

 

Specific Aim III Contributions 

In the study in Appendix C, I was involved in all the detail that went into running 

the clinical trial.  I was responsible for the maintenance, upgrades, design, development, 

testing and use of the fiber optic probes.  Kathy Schmidt (Research Nurse) trained me in 

collecting a biopsy of the marked tissue once the ovary came outside the body. She and 

Sarah Owen (Clinical Specialist) consented the 40 patients recruited in this study.  

Jennifer Davenport (Histopathological Tech), Jose Padilla and I developed a protocol in 

tissue preparation, storage-orientation and cutting for histopathological application.  I 

worked with Dr. John R. Davis (Pathologist) and Dr. Utzinger in classifying histological 

slides related to this study.  The manuscript for this work is under internal review as of 

August 2013 for a possible publication in the Journal of Lasers in Surgery and Medicine.  
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CHAPTER III: FUTURE WORK 

In the in vitro study, the first generation probe (G1, figure 1.5 and Appendix B, 

section 2.3) was used for the setup (Appendix A, section Instrument Configuration).  The 

third generation probe (G3, figure 1.5) had a relatively superior performance in the UVC 

spectral band and can be used for the identical in vitro setup for any future measurements.  

The possibility of measuring reflectance spectroscopy to extract contribution from 

hemoglobin absorption can be explored with the same.  With respect to risk assessment, it 

would be interesting to assess the influence of race with fluorescence spectroscopy.  Page 

18 in reference 3 provides the five-year survival rates of white women versus African 

American ones with white women having relatively higher survival rates at p<0.05. 

 In the case of using the clinical research device, every site measured on the 

surface of the ovary takes ~19-20 seconds.  6 (out of 20) seconds is used in spectrometer 

filter change.  This is the time taken by the filter wheel (bought prior to August 2004) to 

move from one position to the other.  This was a hardware limitation.  An upgrade could 

potentially reduce this time needed.  An upgrade could also reduce the camera acquisition 

time which takes up 12 (out of 20) seconds.  This was cost prohibitive and not a priority 

during the duration of the clinical trial.  Further details on timing can be found in Table 3 

in Appendix A.  The emission filter wheel in the detection spectrometer was limited to 5 

positions.  Since the excitation filter wheel had 10 positions, one long pass filter was used 

to suppress more than one excitation wavelengths restricting the emission wavelength 

range collected (Appendix B, section 2.2).  An upgrade could fit in a bigger filter wheel.  

However, this would change the height of the spectrometer housing and may not fit in the 
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existing cart.  Further details can be found in section 2.2, Appendix A.  Improvements in 

site annotation can lead to higher correlation (critical improvement) in sites measured in 

vivo while the ovaries are still attached, to sites biopsied after the ovary has been excised 

(Appendix B, section 2.3). 

 In the case of the in vivo study, performing fluorescence spectroscopic analysis on 

additional malignant samples will further test the sensitivity (true positives) of 

differentiating normal from malignant samples. Reflectance data collection for every 

patient measurement can be used to extract the influence of hemoglobin absorption.  This 

can potentially improve the specificity of differentiating low risk from high risk samples.  

Also, since there were around three times more post-menopausal women in vivo than pre-

, efforts should be directed in getting fairly balanced number of patients.  This could be a 

challenge with the present patient consent opportunities. 

 Overall, we had a successful journey in using fluorescence spectroscopy for 

measuring the endogenous fluorescence emitted from the surface epithelium of human 

ovaries first in vitro, and then building a clinical research device to measure the same in 

vivo.  We can use this comprehensive device as an example clinical spectroscopy system 

to build future generation systems of similar or superior functionality to be actively used 

in a clinical operating room study.  Furthermore, we can integrate our findings in a 

system that takes relatively shorter time and potentially in an imaging fashion.  The 

results from malignancy diagnosis are relatively more significant than risk assessment 

where it’s possible that the specificity and sensitivity is not good enough to determine 
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time of oophorectomy on high risk patients. One way to use the findings is to build 

smarter endoscopes that can identify abnormal sites that need further investigation.  
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Abstract:   

Background and Objectives: Endogenous fluorescence from certain amino acids, structural 

proteins and enzymatic co-factors in tissue is altered by carcinogenesis.  We evaluate the 

potential of these changes in fluorescence to predict a diagnosis of malignancy and to estimate the 

risk of developing ovarian cancer.   

Study Design/Materials and Methods:  Ovarian biopsies were interrogated over 270-550 nm 

excitation, and fluorescence was collected from 290-700nm.  249 measurements were performed 

on 49 IRB-consented patients undergoing oophorectomy.  Data is analyzed using parallel factor 

analysis to determine excitation and emission spectra of the underlying fluorophores that 

contribute to the total detected fluorescence intensity. 

Results: Using multivariate normal distribution fits and cross-validation techniques, sensitivity 

and specificity of 88 and 93 percent, respectively, are achieved when classifying malignant 

samples versus others, while 88 and 80 percent, respectively, are achieved when classifying 

normal post menopausal patients as being either at high- or low-risk of developing ovarian cancer 

based on their personal and family history of cancer.  Performance of classifying cancer increases 

when the normal group does not include benign neoplasm and endometriosis samples. 
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Performance of high- versus low-risk classification decreases when normal samples include both 

pre- and post-menopausal women.  Excitation over 270-400 and 380-560 nm, respectively, have 

the best diagnostic performance for cancer detection and risk-status assessment. 

Conclusions: Assessing the endogenous fluorescence could be useful in screening women at 

increased risk of developing ovarian cancer. 

Key words: tissue optical spectroscopy; UVC-excitation; excitation emission matrix; endogenous 

fluorescence; ovarian cancer risk-status 
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1. Introduction 

Ovarian cancer has the highest mortality rate of all gynecological cancers (1,2).  In 2010, it was 

the fifth leading cause of cancer related death among U.S. women, and 21,880 new cases and 

13,850 deaths were projected (3).  When detected in late stage (e.g. III-IV) 5-year survival is low 

(5-30%)(4).  Survival rates are also influenced by the stage and histological type of ovarian 

cancer (5,6).  When disease is confined to the ovaries five-year survival is eighty to ninety 

percent supporting the need for early detection (7).  The major obstacles in developing an early 

detection protocol for ovarian cancer are: an undefined pre-malignant lesion, a potential for early 

metastasis (8), poor access to the ovaries and the fallopian tubes (9), lack of efficacy in screening 

technologies (10), and the tendency of the disease to be asymptomatic in the early stages.  

Additionally, given that ovarian cancer is a rare disease before age 40 (11), it is often difficult to 

identify women at risk. 

Ninety percent of ovarian cancers originate from the surface epithelium (12,13) of either 

the ovary or the fallopian tube(9), and the more aggressive of these cancers may metastasize very 

early to the peritoneal cavity.  Early diagnosis, while the disease is still localized at its origin, 

results in higher cure rates as it provides the physician with more treatment options such as 

minimally invasive surgery and chemotherapy, and the ability to use less invasive methods of 

accessing the ovaries (14).  Despite advances in conservative treatment methods; both invasive 

and noninvasive, clinically significant improvements in the development of screening techniques 

for early detection of ovarian cancer is not yet available. Since prevalence of ovarian cancer is 

low at 0.07% (3,15) strict specificity requirements are needed for a screening test to avoid having 

too many false positives, and thus fewer women going through unnecessary surgeries and 

treatment.  A high positive predictive value (PPV, a ratio of true positives divided by the sum of 

true positives and false positives (16)) is needed to accomplish this. Typically, a screening 
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strategy in post menopausal women must achieve a minimum specificity of 99.6% to attain a 

positive predictive value of 10% (17). 

Presently the tests available for screening patients are focused in two main areas 

consisting of proteomics and imaging.  Using proteomics, the most commonly used blood serum 

biomarker is cancer antigen 125 (CA-125).  However, it is not specific for ovarian cancer (18,19) 

nor is it highly sensitive, since 20% of patients may not have elevated levels of CA-125 in the 

blood (20-22).  In order to improve the diagnostic value of these tests, some have suggested using 

CA-125 biomarker in combination with other biomarkers (22-24).  Using imaging techniques like 

MRI, CT and ultrasound, surgical planning can be performed, but accuracy in detecting early 

stage disease is poor (25).  Lu et al. have evaluated a combination of proteomics and imaging, 

wherein changes in CA-125 levels over time in postmenopausal women with no significant 

family history of breast or ovarian cancer, followed by transvaginal ultrasonography (TVS), 

provides early evidence that this is a feasible strategy for screening women over fifty years of age 

(26,27).  

Several groups are investigating optical technologies to nondestructively image tissue at 

high resolution for the early diagnosis of ovarian cancer.  Some of the promising methods are 

confocal microscopy (7,14), non-linear microscopy(28,29), fluorescence spectroscopy 

(7,30,31),and optical coherence tomography (OCT) (32,33). We have investigated fluorescence 

spectroscopy of the ovarian surface, as a screening or diagnostic aid in the early detection of 

ovarian cancer.  Amino acids such as tyrosine and tryptophan, structural proteins such as collagen 

and elastin, and enzymatic co-factors such as NAD(P)H and FAD have fluorescence properties 

(34,35).  Tyrosine and tryptophan are both excited near 280nm, while tryptophan fluorescence 

dominates at 340nm emission in tissue (35).  NAD(P)H is fluorescent, with excitation and 

emission maxima at 340nm and 460nm, respectively (36,37).  FAD can be excited around 450nm, 
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and emits around 520nm (35,36).  Collagen and elastin when excited below 340nm have 

emissions near 380nm (38).  However, in collagen different emission spectra are observed with 

longer excitation wavelengths and indicate a complex combination of fluorophores within 

collagen (39).  Fluorescence can investigate changes in epithelial cell metabolism by assessing 

mitochondrial fluorophores such as the metabolic co-factors NAD(P)H and FAD.  Epithelial-

stromal interactions modify collagen cross-linking of the extracellular matrix which can result in 

changes in fluorescence of these cross links (1).  Therefore response of these biomarkers is a 

function of cell activity and composition of extracellular matrix.   

Currently there is a paradigm shift that many of the cancers arise within the fallopian tube 

in patients with breast cancer antigen (BRCA) mutation (9).  So our approach of targeting the 

ovarian surface and subsurface may not detect changes in the fallopian tube.   However, there 

may be changes in the extracellular matrix (a field effect) in the ovary as suggested by second 

harmonic generation (SHG) of the ovary (28,29), which can also be measured with fluorescence 

spectroscopy, due to the sensitivity of this technology to changes in the structural proteins and the 

associated changes in other fluorophores.   

We use an industry-standard spectrofluorometer (Fluorolog 3-22, J. Y. Horiba Scientific 

Inc., Irvine, CA) with a photon multiplying tube (PMT) to collect in vitro fluorescence data from 

249 tissue biopsies obtained from the ovaries of 49 patients undergoing oophorectomy 

(University of Arizona IRB approved Project No: 02-0495-01).  The epithelial surface is excited 

over 270-550nm and fluorescence is collected at 290-700nm.  The medium of light transport is a 

low autofluorescence fiberoptic probe.  Data analysis is performed using parallel factor 

(PARAFAC) analysis resulting in two dimensional components describing an excitation and 

emission spectrum for each component.  When classifying samples, we used ‘multivariate 

analysis’ and ‘cross-validation’ techniques and obtained a sensitivity of 88 and specificity of 97% 
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when comparing normal samples versus cancerous samples.  Also, a sensitivity of 88%, and a 

specificity of 80% were obtained, when classifying post-menopausal normal patients as either 

being in a ‘high-’ or ‘low-risk’ group of developing ovarian cancer.  Furthermore, the spectral 

excitation range of 270-400nm was found most appropriate for diagnosis allowing many  known 

endogenous fluorophores present in the ovarian tissue to be identified and correlated to the 

presence or absence of ovarian cancer.  Additionally, based on the findings between the high- and 

low-risk groups, we found that fluorophores are most influential in the 380-560nm range for 

determining the risk status.  Based on these results, we propose the use of a portable system of 

these spectral ranges for in vivo fluorescence measurements on human ovaries.  This technique 

could further be adapted to transvaginal access which would be less costly and less invasive.  

This approach, if proven effective, could be most useful and economical in women at increased 

risk of developing ovarian cancer and might determine the ideal time to undergo an 

oophorectomy.   

  

2 Materials and Methods 

Fluorescence data from the biopsy samples obtained from the surface epithelium of the ovaries 

were acquired by exciting the surface with UV-VIS light.  A fiberoptic probe was placed in direct 

contact with the tissue and emitted fluorescence was collected by the probe and routed to the 

fluorescence detection system where it was spectroscopically analyzed.  The setup of our 

instrument is shown in Figure 1.  The range of excitation wavelengths was selected to match the 

excitation of biomarkers of interest discussed earlier, and was from 270-550nm. Specifically, the 

excitation wavelengths were 270, 300, 320, 340, 365, 380, 400, 415, 440, 460, 480, 510, 530 and 

550nm. Emission was collected over 290-700nm.   

A research protocol was developed with our gynecologic oncologist allowing in vitro 

optical evaluation of the ovaries of consented patients undergoing planned oophorectomy.  Prior 
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to their surgery and during consenting, the patient completes a health questionnaire which was 

later used to evaluate the patient’s risk status for developing ovarian cancer.  Since the prevalence 

of ovarian cancer is relatively low, greatest effort was put into measuring patients at high risk for 

developing ovarian cancer as they have a higher probability of harboring pre-malignant changes 

in their ovaries.  The risk status of our patients was determined by a genetic counselor who 

assessed family- and personal-history of cancer, using the Parmigiani method where the genetic 

testing sensitivity was estimated to be at least 85%, with false-negative rates unknown (40).  The 

risk status was low risk (normal lifetime risk of <2% for developing ovarian cancer and) or high 

risk (increased lifetime risk of >2% or a normal ovary on the contralateral side to an ovary with 

cancer), and cancer.  For mutation-positive women (found through prior genetic testing eg. 

BRCA mutation), the lifetime risk ranges from 15-40% depending on the mutation (41,42).  

During the course of a scheduled surgery of a recruited patient, the surgeon removed one 

or both of the ovaries.  Selection of the biopsy sites was based on the surgeon’s expertise in 

identifying suspicious areas and in general included one site each on the anterior and posterior 

side of the ovary. If a suspicious growth was observed on one of the ovary, tissue was regularly 

also investigated on the contralateral ovary. In our study in only one patient the ovary yielded 

both malignant and non malignant biopsy and only one patient had a malignant and contralateral 

normal ovary. Since a normal appearing region next to a malignant lesion is most likely not 

normal due to the cancer field effect (43) we considered all normal samples from patients with 

cancer as samples at high risk.  

Each excised biopsy measured approximately 5x10 mm.  Once the biopsies were excised 

they were placed in a chilled RPMI culture medium (Media Tech, Herdon, VA) and transported 

within sixty minutes of the oophorectomy to the imaging laboratory.  Once the biopsies arrived, 

research personnel performed a minimum of three fluorescence measurements at three distinct 
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areas on every biopsy and marked the sites where the measurements were taken.  Prior to every 

measurement, the system was calibrated with a set of positive and negative standards assuring 

wavelength and intensity calibration, as well as accurate background removal.  Positive standards 

were based on solutions of Rhodamine, Fluorescein and Quinine (Molecular Probes, Eugene, OR) 

and negative standard was de-ionized ultra-filtered water.  

Once the measurements were completed, and fluorescence data recorded, samples were 

fixed and prepared for histology.  Histology slides were examined by a single pathologist, and for 

every slide the corresponding diagnosis was recorded.  The diagnoses of the samples were 

stratified into four main categories: normal ovary (no structures except stroma, epithelium, corpus 

albicans and corpus luteum), benign neoplasm (abnormal growth without invasive areas), 

endometriosis (growth of both endometrial glands and stroma on the ovary), or cancer (invasion 

of carcinoma into the ovary) (7).  

For every site measured on the ovarian biopsy, the excitation and the corresponding 

emission spectra were assembled to form an excitation-emission matrix (EEM) with rows as 

excitation wavelengths and columns as the corresponding emission wavelengths.  Every entry in 

this matrix corresponds to a fluorescence intensity value at that particular wavelength (column) 

produced by the corresponding excitation wavelength (row).  Example EEM’s of the 59 year-old 

patient, who had a normal right ovary and a malignant left ovary is shown in Figure 2.  The EEM 

shows an overall decrease in general fluorescence intensity as compared to the EEM from a 

normal non-malignant ovary in the excitation range from 330-550nm. 

 

2.1 Instrument Configuration 

The table top spectrofluorometer is composed of two double monochromators, each for excitation 

and emission scanning’s (Fluorolog 3-22).   The slits of the excitation and emission spectrometers 

were set to a spectral bandwidth of 10nm allowing good light throughput for our spectroscopy 
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measurements.  The emission spectra were taken every 5 nm starting at 20 nm above the 

excitation wavelength and 40 nm below twice the excitation wavelength.  A fiberoptic probe 

coupled to the spectrofluorometer has four 200µm fibers (Polymicro Technologies, Phoenix, AZ) 

delivering the excitation light while emission is carried by three 200µm fibers back into the 

spectrofluorometer to be analyzed.  These seven fibers are interfaced to a short single 800μm 

central fiber allowing homogenous illumination over an 800μm area at the probe tip (44).  

Emission is detected using a photon multiplier tube (PMT).   

Each of the measurements was calibrated according to the instrument manufacturer’s 

corrections before any processing was carried out.  Corrections that compensate for probe specific 

variations were also applied.  Since the fluorescence measurements were obtained by placing the 

probe in vertical contact with the biopsy through a non-clamping fixture, probe orientation and 

contact pressure varied minimally.  However, spectral correction factors provided by the 

manufacturer did not account for variations in the coupling of the fiberoptic probe to the 

spectrofluorometer.  Because of this, an additional set of correction factors based on fluorescence 

standards and probe power throughput were calculated and applied to the data.  It was observed 

that when measuring a known standard with the same probe at different measurement dates, there 

was significant intensity variance, especially at higher wavelengths above 500nm.  An intensity-

correction-factor model was developed that accurately matched the observed standards and 

applied to the data prior to further analysis. 

 

2.2 Sample Population 

The sample population statistics are shown in Table 1.  The prior probability in our data 

set for cancer is 20%.  For some measurements a pathology report was not available or could not 

be linked to the measurement site, however fluorescence data was still included in our analysis to 
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develop a model describing the data variation.  On some initial measurements not all excitation 

wavelengths were available.  Specifically, excitation wavelengths 320 nm and 530 nm were 

added during the study.  Overall, 49 measurements are missing both 320 and 530 nm excitation 

and 18 measurements are missing the 320 nm excitation.  Our factor analysis technique was still 

able to determine the loadings of those samples, however in the initial step where the number of 

factors best representing our data was determined, those measurements were excluded.  

 

2.3 Data Analysis 

For the organization of data analysis, de-identified patient information and measured 

fluorescence data are stored in a custom clinical database (eBlox, Tucson, AZ) which runs on 

‘mySQL’, and is interfaced with MATLAB.  

Preliminary graphical data analysis on a subset of our data was presented previously (7) 

and here our focus is on the development of an automated classification scheme. Since the 

fluorescence data collected is large compared to the number of individual signal contributors, it is 

important to reduce the dimensionality of our data so that a classification algorithm can be 

applied.  Of the several methods available (45) we use PARAFAC analysis that provides a linear 

model with true underlying factors.  It does not suffer from factor rotation problem, which is 

common in principle component analysis (PCA) software. While PCA is a common tool used in 

spectral data analysis it does not produce an excitation and emission spectra for each underlying 

factor like PRAFAC where each factor represents a fluorophore.  Fluorescence data is linearly 

decomposed as shown in equation (1).  This equation shows a tri-linear model in which two 

dimensions are kept constant and the third one is varied to fit the model over multiple iterations 

which is applied to all three dimensions of the model. 

xijk = ai1bj1ck1 + ai2bj2ck2 + ai3bj3ck3 + ……. + aiFbjFckF + eijk (1) 
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where xijk is the fluorescence intensity at location (i,j,k) in the fluorescence data matrix X with 

dimensions I * J * K representing excitation, emission and measurement, aiF is the loading for 

factor F at excitation wavelength i, bjF is the loading for factor F at emission wavelength j, ckF is 

the loading for factor F for measurement k, and eijk is the residual or error term for the 

measurement at location (i,j,k). 

A PARAFAC toolbox (Royal Veterinary & Agricultural University, Denmark) (46) was 

applied with fit procedure and parameters optimized the following way: An alternating least 

squares method was used that converges by the use of linear extrapolation of the loading 

estimates (47,48).  The loading matrices were initialized using randomly selected values for the 

matrices and this procedure was repeated six times.  If the resulting models were the same in all 

cases, then this indicated that the extracted model was optimal.  If the model consists of too many 

factors, random initialization does not converge to the same model.  The iterations should stop 

when the relative change in fit of the modeled and original data is below a threshold (1x10
-6

 in 

our case) or the maximum number of iterations is reached (2500 in our case).  Solving the model 

requires dealing with missing data values at wavelengths where no emissions were collected (for 

example no emission is collected at wavelengths shorter than the excitation although a 

fluorophore has emission properties throughout the spectral range).  These missing values are 

estimated for mathematical consistency. However, these values are not used to optimize the fit of 

the model and are masked while preprocessing (section ‘Pre-processing’).  A non-negativity 

constraint was applied to the loadings as our analysis technique can not easily create separate 

factors for emission and absorption, and neglecting absorption was appropriate for our data set.  

We used graphic tools that help in determining the correct number of factors, the model 

fit and the contribution of individual measurements or wavelengths.  These tools supported our 
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goal to limit the number of measurements, and to identify outliers that greatly influence the 

algorithm. 

 

2.3.1 Data Pre-Processing 

Before performing PARAFAC analysis each measurement was visually inspected.  Even though 

the measured emission wavelengths were above the excitation and below twice the excitation, 

most of the measurements exhibited influence from elastic scattering at the edges of the spectrum.  

In order to remove these, a single mask was constructed and applied to all measurements resetting 

the usable wavelength range. 

 For correct performance of the PARAFAC analysis, normalization proved to be essential.  

Early tests showed that the analysis would produce a noisy model when un-normalized data was 

used.  In order to account for the over all amplitude difference between the measurement sites, the 

measurements were normalized for a total area under the excitation emission matrix of one.  

However, since some of the measurements had fewer emission spectra, the normalization factor 

was calculated only with the spectra that were present in all measurements.  

 

2.3.2 Implementation of PARAFAC 

To prepare the data for analysis, a single three dimensional matrix was created.  Each slice of the 

matrix represents an EEM created from a single measurement.  Preliminary results showed that 

the data could be modeled best with 3 factors, however, the resulting excitation and emission 

loadings were much distorted with sharp changes occurring in the emission spectra.  From 

previous knowledge on the composition of tissue, about seven factors were expected, each 

corresponding to a fluorophore present in the sample.  Furthermore, some of the loadings had 

negative values which are not valid for emission spectra, and the areas of negative loadings did 

not coincide with known absorbers (e.g., hemoglobin).  For this reason the non-negativity 
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constraint was imposed.  This reduced the quality of fit of the model (as less variance in the data 

was explained by the model) and some emission loadings still exhibited jumps.  It was 

determined that this was due to missing data affecting PARAFAC analysis at emission 

wavelengths below the excitation wavelength.  In order to minimize the effect of missing data, we 

broke the data set into four subsets.  Data set 1 included excitations (in nm) at 270, 300, and 320, 

data set 2: 340, 365, 380, and 400, data set 3: 415, 440, 460, and 480, and data set 4: 510, 530, 

and 550. 

To determine the correct number of factors for each dataset a combination of two 

verification methods was used.  These are split-half analysis (49) and the core consistency 

diagnostic (50).  For an unbiased calculation of the measurement loadings, a jackknife analysis 

(51) was performed resulting in a total of nine independent factors for each fluorescence 

measurement over the four data sets.  A tenth factor was added to this feature set which 

represented the normalization factor discussed in the earlier section.  The ten factors were used 

for subsequent discriminant analysis. For the discriminant analysis a jackknife technique was 

used where we computed a new model to classify each left out sample. Each model yielded a new 

set of factors whereas each factor has a characteristic excitation and emission spectrum.  The 

average and standard deviation of those spectra was computed for visualization purpose.  

 

2.3.3 T-test and Distribution Fit Plots 

To determine if the resulting fluorescence measurement loadings can be used for classification 

purposes a T-test was performed.  The measurements (and their loadings) were assigned in five 

groups based on their diagnosis and the T-test was performed in the following group 

combinations:  

(i) normal versus cancer, 
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(ii) not cancer (normal + benign neoplasm and endometriosis) versus cancer, 

(iii) high- versus low-risk (normal pre- and post-menopausal), and 

(iv) high- versus low-risk (normal post-menopausal) 

(v) benign neoplasm and endometriosis versus cancer 

Furthermore, to determine which of the ten factors play a significant role in differentiating 

‘endometriosis’ and ‘benign neoplasm’ from ‘normal’, T-test were also performed for: 

a) normal versus endometriosis 

b) normal versus benign neoplasm 

c) benign neoplasm versus endometriosis 

P-values were calculated to compare differences between the means of each of the 

groups.  The factors with the lowest P-values for each combination above were then fitted to a 

normal distribution and plotted for visual inspection. 

  

2.3.4 Classification Algorithm 

For classification we used all ten measured fluorescence factor loadings.  MATLAB (function 

‘classify’ with ‘quadratic’ option) was used for the discriminant function.  The quadratic option 

fits the data to multivariate normal densities with covariance estimates that are stratified by 

group.  Based on these densities, samples were classified into the groups mentioned earlier.  The 

classification procedure was evaluated independently using jackknife analysis (leaving out one 

measurement).  Furthermore, all possible combinations of the ten fluorescence factor loadings 

were evaluated (factorial 10 combinations), and the sensitivity and specificity were calculated.  

To find the combinations that worked the best a combined measure of sensitivity and specificity 

as shown in equation (2) was used to indicate the performance for each combination.  

Performance = Sensitivity + Specificity  (2) 
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Based on the above definition of performance, a threshold is set, so that the best 

performing loading combinations can be identified.  In addition, for the best performing 

algorithms, the PPV value was computed.  In order to verify that we do not have a bias in our 

results, the diagnoses for the measurements were randomized keeping a priori probabilities, and 

the algorithm was run again.  It is expected that on average, a sensitivity and specificity close to 

50% would be obtained under this condition. 

 

 

 

3 Results 

3.1 Model Development 

3.1.1. Number of Factors 

When identifying the correct number of factors for each of the four data sets, we obtained the 

results as shown in Table 2.  For data set 1, a core consistency of 92.8% is obtained with three 

factors while for data sets 2, 3 and 4 a core consistency of 99.9% is obtained with two factors 

each.  Higher factors give unstable models.  We were able to conduct split-half analysis on data 

sets 2 and 3 where the two-component model was confirmed.  For all data sets the variance 

explained by the model is close to 99.9% and for individual measurements the residual variance is 

on the order of 10
-6

 or better. 
 

  

3.1.2 Loadings obtained from Jackknife Analysis 

The average emission and excitation loadings are plotted in Figure 3 (a, b).  The plotted loadings 

are the average of 249 models where in each one, one measurement was left out.  The standard 

deviation for each of the loadings in emission is on the order of 10
-4

 (except for factor 9 where it 
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was higher and on the order of 10
-3

 since data at longer wavelengths is noisier).  A similar 

situation is observed in the case of the variance obtained from the excitation loadings, where the 

variance for factors 7 through 9 is double (3x10
-3

) than what it is for the rest.  

 

3.1.3 Interpretation of Factors 

To associate the average excitation and emission loadings qualitatively, we used spectroscopic 

data available to us from our previous studies and literature (52,53).  We found that both the 

excitation and emission loadings compared well to the excitation and emission spectra of known 

fluorophores.  We present the emission comparisons in Figures 3b, and 3c.  The excitation spectra 

are consistent with our excitation loadings except that our sampling is coarse and irregular 

compared to published data. 

 We found that the peak emission loadings of factors 1, 2 and 3 correspond closely to 

those from the emission curves of tryptophan (in cells) (54) , tyrosine(53), and potentially beta-

carotene (55), respectively.  Factor 4 has its peak at 385nm close to collagen type I, with peak 

emission at around 390nm.  The emission loadings for factor 5 closely matched the emission of 

NAD(P)H excited at 350nm.  A small dip noticeable on its emission curve at 425 nm corresponds 

to hemoglobin absorption.  The peak emission loading for factor 6 is located at 475 nm which 

corresponds closely to the peak of collagen excited at 390nm (39).  The emission spectra for FAD 

closely resembled the emission loadings of factor 7.  Also, since the emission loadings of factor 8 

are similar to those for factor 7, it is most likely FAD-related.  The emission loadings for factor 9 

although weak, closely resemble emission from collagen excited at 550nm (39).  

On further examination (Figure 3a), the excitation loadings for factor 2 appear to be connected to 

those of factor 4, those of factor 5 with factor 6, and similarly excitation loadings of factor 8 

appears to be a continuation of factor 7.  Also, the emission loadings (Figure 3b) for factors 2 and 
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4 have a peak at the same location where they overlap.  In fact, collagen type I emission is known 

to include a peak that might be associated with tyrosine in addition to the cross-link associated 

emission at 390nm (39), possibly explaining the peaks in factor 2 at 310nm and 385nm.  

Additionally, the emission loadings for factors 5 and 6 are similar.  Besides possible association 

of factor 5 with NAD(P)H, it could also be collagen-related, as collagen has similarities with 

NAD(P)H when excited between 340 and 390 nm.   

 

3.2 T-test and Distribution Fits 

The results of the T-test for each loading and the normalization factor are shown in Table 

3.  Here the P-values are given as probabilities that the means of two groups are different.  The P-

values for factors  3, 4 and 10 are smaller in the ‘normal’ versus ‘cancer’ category than the 

‘normal’ versus ‘not cancer’ category, indicating that the variance in the ‘not cancer’ group is in 

general bigger than the ‘normal’ group.  The P-values for low- versus high-risk patients (all 

normal samples) is significantly higher than the prior two comparisons indicating there is more 

overlap when comparing risk status.  When only pre-menopausal women are considered, factors 

5, 6 and 10 provided statistically significant variation between the low- and high-risk patients 

(data not shown).  In the case where only post-menopausal women are considered, factors 2 and 4 

provided statistically significant difference between the two risk groups indicating that risk factor 

is affected by menopause status.  In the case of comparing samples that are within the not cancer 

category but either benign neoplasm or endometriosis versus cancer samples, we can see that 

factors 1, 2 and 4 play statistically the most significant role.  In addition, results of the T-test for 

the ten factors comparing samples from ‘normal’, ‘endometriosis’ and ‘benign neoplasm’ are 

shown in Table 4.  In the case of ‘normal’ versus ‘endometriosis’, factors 2-6 and 10 provide 

significant variation between the two groups while all factors except 1, 4 and 10 provide 
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significant variation between ‘normal’ and ‘benign neoplasm’ indicating that those groups add 

variability to the ‘not cancer’ group.  When comparing ‘benign neoplasm’ and ‘endometriosis’, 

factors 2 and 10 play statistically the most important role. 

To illustrate the diagnostic potential of some factors, the distribution plots for their 

loadings are presented in Figure 4.  The distributions were created by fitting normal distributions 

to the histograms as illustrated in Figure 4a.  In general it can be seen that although mean values 

are different between groups, there is significant overlap between most groups.  Factor 4 

(associated with collagen type I), factors 6 & 9 (associated with collagen@390nm and 550nm 

excitation) in Figure 4 a, b and c show a decrease in fluorescence when cancer samples are 

compared with normal samples while factor 1 (associated with tryptophan) in Figure 4d shows a 

relative increase in fluorescence.  The FAD associated factor shows a decrease in Figure 4e in 

fluorescence when cancer samples are compared with normal samples.  However, a decrease in 

factor 5 (NAD(P)H) is observed in Figure 4f, instead of an expected increase as reported in 

literature (56).  The overall intensity (factor 10) shows a decrease as well, when cancer is 

compared with normal samples (Figure 4g).  There is also an increase in fluorescence intensity 

when pre- and post-menopausal normal samples are compared (Figure 4h).   

 

3.3 Automated Classification 

For each of the five group comparisons, we list the top eight performing factor selections 

(based on combined specificity and sensitivity) in Table 5. Each row in Table 5 represents a 

diagnostic algorithm.  When randomly perturbing the diagnoses and classifying, the performance 

was around 50% for both sensitivity and specificity with a standard deviation of 8% in all 

comparisons, indicating that the results presented here are minimally biased.  Cancer is 

distinguished from normal samples with around 90% sensitivity and specificity at 79% PPV.  The 
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most important factors for this classification are factors 1, 3, 4 and 5 (associated with tryptophan, 

‘beta-carotene’, collagen type I and NAD(P)H) as these factors are used in most of the top 

performing combinations.  In classifying ‘not cancer’ (‘normal’ and ‘benign’ samples together) 

from ‘cancer’ the performance decreases by about 4% at 65% PPV. However, primarily the same 

four factors are chosen.  In addition, factor 9 (collagen@550) might also contribute to a good 

performance.  Category ‘high-’ versus ‘low-risk’ for normal samples has factor 10 (overall 

fluorescence intensity) as the most chosen contributor for classification. The performance is 

however, low and around 140% (Performance) with 70% PPV.  Comparing ‘high-’ to ‘low-risk’ 

for only post-menopausal improves the performance by almost 30%, wherein overall fluorescence 

intensity (factor 10), factors 6 and 9 (collagen@390, 550) are the most important contributors.  

For samples that are either benign neoplasm or endometriosis, when compared to those that have 

cancer, factors 2 and 4 (tyrosine and NAD(P)H) play the most significant role.  The performance 

was highest for this comparison. 

 

4 Discussion  

We have developed a technique in which PARAFAC is applied to EEM’s which include 

a wide range of excitation wavelengths.  The results obtained are promising, as the factors 

extracted by PARAFAC analysis appear to be associated with the fluorophores present in the 

ovarian surface epithelium and subsurface.  Results also show how these factors vary in 

malignant and non-malignant samples.   

Splitting the EEM’s into subsets allows errors due to missing data to be avoided in 

PARAFAC analysis.  However, this also complicates the analysis, as some factors appear to be 

present in two subgroups.  For example, in Figure 3, factors 2 and 4 have emission peaks at 385 

nm and the excitation loadings of both appear to be around 330 nm.   This indicates that to extract 
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meaningful factors, a dense sampling of the EEM is not necessary.  It is surprising that, in our 

dataset, absorption at the hemoglobin absorption band was observed in only one factor (Figure 3c, 

factor 5).  This indicates that PARAFAC analysis is a stable technique even when using non-

negativity constraints. Because PARAFAC uses a linear model, it is not well suited for extracting 

the effects from absorption and scattering.  Intrinsic fluorescence is the fluorescence that is 

produced inside the tissue while the fluorescence measured is the one recorded at the tissue 

surface which is distorted by light transport through the tissue. Mueller et al. described a physical 

model how absorption and scattering affects the fluorescence spectrum recorded on the tissue 

surface (57). In order to correct for this light transport effect, diffuse reflectance will need to be 

collected and the illumination and collection geometry of the optical system evaluated. 

Georgakoudi et al.  used this approach for tissue diagnosis (58,59) while other groups used both 

linear statistical models similar to our approach as well as physical models to build diagnostic 

algorithms (60,61) When using a linear model it is more difficult to assign the observed variations 

to a physiological or structural interpretation however in general its implementation is simpler.  

The relative decrease in overall fluorescence for an average cancer sample (Figure 2b) 

could be due to a decrease in the absolute contribution of collagen as tissue progresses from 

normal (Figure 2a) to abnormal in the same patient.  In the case of cervical carcinogenesis, 

remodeling of the stroma leads to structural changes in the collagen matrix, accompanied by loss 

of collagen fluorescence (62,63) and a decrease in stromal scattering (64). 

In general, adding ‘benign neoplasm’ and ‘endometriosis’ samples to the ‘normal’ group, 

resulted in less ability to discriminate those samples from cancerous ones. This is illustrated by 

relative low number of factors that show a significant difference for the ‘endometriosis and 

benign’ group versus the ‘cancer’ group in Table 3 and an increase in P-values in for several 

factors (3, 4 and 10) when comparing ‘not cancer’ versus ‘cancer’ with ‘normal’ versus ‘cancer’. 
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The increase in those P-values can be partially attributed to differences between benign 

neoplasms or endometriosis versus cancer because factors 3 and 10 do not differ significantly in 

those two groups.  However additional variations can be observed when comparing the normal 

sub groups (Table 4) as only factor 2 has low P-Values in all comparisons.  

In the case of ‘endometriosis’, the additional variance when compared to ‘normal’ (Table 

4) can be attributed to the presence of excessive bands of collagen in the form of loose connective 

tissue on the ovary (7), possible increase in cellularity (65,66) and NAD(P)H.  A difference in 

fluorescence signature from samples from ‘benign neoplasm’ as compared to those from ‘normal’ 

(Table 4) has been shown previously (30) and is due to increased cellularity and therefore an 

increase in fluorescent co-enzymes NAD(P)H and FAD, which are important in aerobic 

metabolism (67).  

The higher P-values obtained from ‘low-’ versus ‘high-risk’ classification of all normal 

samples compared to P-values obtained in similar classification of only post-menopausal women 

(Table 3) , suggest that risk status can be better assessed by separating pre- and post-menopausal 

women for diagnostic purposes.  Furthermore, our group has similarly reported small 

fluorescence intensity difference between the two risk groups, where 86 samples from women not 

stratified  by menopause were analyzed, and this difference was observed between 420-500nm 

where the average emission of the high-risk group is reduced (p<0.05) suggesting the need of a 

larger study size to analyze tissue by menopausal status (7).  

We compared measurement distributions of diagnostic groups and found that the means 

were quite different and useful for evaluating the diagnostic potential of factors obtained with 

PARAFAC.  The distribution of the measurement loadings (Figure 4) illustrates that although the 

means between two categories are statistically different, the distributions still greatly overlap.  In 

the presence of cancer, the decrease in fluorescence for collagen type I, collagen@390nm and 
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550nm (Figure 4 a, b and c) is expected due to collagen remodeling during carcinogenesis 

(56,63).  The increase in tryptophan fluorescence is believed to be due to  an increase in protein 

synthesis (7).  The decrease in FAD fluorescence (Figure 4e) when cancer samples are compared 

with normal samples agrees with previous results (68).  Also, when the ovary becomes malignant, 

co-enzymes FAD and NAD accumulate in their reduced states (NAD(P)H and FADH) due to 

increased metabolism and hypoxic conditions in the tumor (35,56).  The reduced state of FAD 

has minimal fluorescence (69,70) while NAD(P)H has relatively higher fluorescence than its 

oxidized NAD(P) state (71). However, in the case of our cancer samples, we did not observe an 

increase in NAD(P)H (factor 5) fluorescence (Figure 4f).  This could be because the emissions of 

factors 5 and 6 (NAD(P)H and collagen@390nm) have a significant overlap and factor 5 might 

not completely separated from collagen.  A decrease in overall intensity (factor 10, Figure 4g) 

agrees with data reported previously on other organs (72).  The increase in fluorescence intensity 

when post-menopausal samples are compared with pre- menopausal samples (Figure 4h) is 

correlated with an increase of collagen emission due to increased formation of collagen cross-

links and loss of cellularity in the ovaries with age. 

Classification between normal and cancer samples gave the highest combined specificity 

and sensitivity.  This is because it has the highest disease-related fluorescence dependence.  

Including ‘benign’ samples with ‘normal’ ones and comparing them with ‘cancer’ samples, 

increases the variance and reduces the specificity and sensitivity. Comparing the important 

contributing factors (fluorophores) for diagnostic classification (Table 5), we can see that factor 9 

(collagen@550nm) plays a role for classifying ‘not cancer’ versus ‘cancer’ but not when 

classifying ‘normal’ versus ‘cancer’ suggesting that it could be related to benign conditions such 

as benign neoplasm and endometriosis. However when classifying benign neoplasms or 

endometriosis versus cancer, factor 9 was not frequently chosen but factor 2 which is also 
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attributed to collagen. Over all benign neoplasm or endometriosis could be best separated from 

cancer with a performance of approximately 190%. 

For the low- versus high-risk classification, the increase in specificity and sensitivity 

(80% and 88% respectively, Table 5) when only normal post-menopausal women are included, 

suggests that the risk status of a patient is associated with increasing age where patients at 

increased risk are more likely to develop pre-malignant changes.  These findings are remarkable 

because they indicate that optical measurements might have the ability to identify early stages of 

the ovarian carcinogenesis.  Factor 6 (collagen@390nm) appears to be a  significant contributor  

when classifying samples from post-menopausal women into low- versus high-risk, but is not 

selected when including pre-menopausal women in the analysis (not shown here). This suggests 

that fluorescence from age-related collagen-structural changes dominate here.     

Based on the best performing specificity and sensitivity which are 97 and 88% 

respectively (Table 5), for the ‘normal’ versus ‘cancer’ category, the PPV of using our technique 

for general public screening (73) would be 2% using a U.S. prevalence of 0.07% (3)and is lower 

than the desired threshold of >10% as defined by Jacobs et al. (17).  Screening only post-

menopausal women would double our PPV but still fall short by the desired threshold.  However, 

the PPV for the patient population in our study is 79% (Table 5) and is twice as high as the one 

reported by Lu et al. (26), a study mentioned earlier using TVS.  The application of our 

technology would therefore be most useful for screening the high risk population where the 

prevalence is higher or as secondary screening step to plan time of oophorectomy. 

Compared with other studies of gynecologic tissues using different statistical analysis 

methods, our results are similar.  Kamath et al. (31), measured autofluorescence from ovarian 

surface epithelium using a 325-nm pulsed laser excitation in the spectral region from 350-600nm, 

and using PCA were able to achieve a specificity and sensitivity of 100% and 90.9%, respectively 
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in classifying normal, benign and cancerous samples of ovarian epithelium.  Chatterjee, et al. 

(74), used two-color fluorescent detection of serum IgG binding for ovarian epithelial cancer 

detection, and using SPSS statistical analysis software, resulted in specificity and sensitivity of 

98% and 55%, respectively.  Ramanujam et al. (69), investigated the in vivo use of 337nm-

excited laser-induced fluorescence of cervical intraepithelial neoplasia, and based on a similar 

spectroscopic algorithm, achieved a specificity and sensitivity of 90% and 92%, respectively.   

Four factors: 1, 3, 4 and 5 (tryptophan, beta carotene, collagen type I and NAD(P)H) 

were identified as the most important for classification between ‘normal’ versus ‘cancer’ samples 

suggesting the excitation spectral range 270-400nm has a high diagnostic value.  Furthermore, 

based on the findings between the high- and low-risk groups, we found that fluorophores are most 

influential in the 380-560nm range for determining the risk status.   

We have applied PARAFAC to in vitro probe-based measurements to investigate a broad 

range of tissue fluorescence excitation and emission characteristics.  The results obtained from 

this study can be used to create a portable spectroscopy device for in vivo measurements that uses 

a wide range of excitation wavelengths to create algorithms for cancer diagnostics as well as for 

risk assessment.  This approach, if proven effective in vivo, would be most useful and economical 

in women at high risk of developing ovarian cancer and might determine the ideal time for a 

woman at increased risk of ovarian cancer to undergo prophylactic oophorectomy. 
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Tables 

Table 1.  Patient population sample statistics  

 

Category Menopause Samples Patients Age  Age 

Range 

Normal 50.3 18-77  
 Low Risk  52.9 18-77  

Pre 45 9   

Post 45 11   

Peri 1 1   

High Risk  48.1 38-74  

Pre 67 15   

Post 27 6   

Peri 1 1   
       

Benign 50.0 18-80  
 Benign Neoplasm 8 2   

Endometriosis 10 4   

Cancer 60.2 51-71  
  25 7   

Pathology N.A.   

  20 8   

Total 249    
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Table 2.  Fluorescence factors and their core consistency analysis results 

 

 Number Of Factors 

 1 2 3 4 

Data Set Core Consistency Results 

1 100% 99.7 92.8% 30%-88% 

2 100% 99.9% 52%-75% - 

3 100% 99.9% 58%-87% - 

4 100% 99.9% 52%-83% - 
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Table 3.  P-values obtained from T-test 

 

Factor 

Normal 

v.s. 

Cancer 

Not 

Cancer  

v.s. 

Cancer 

Low 

v.s. 

High Risk 

(All Normal) 

Low 

v.s. 

High Risk 

(Normal Post-

Menopausal) 

Benign 

Neoplasm and 

Endometriosis 

v.s. Cancer 

1 <0.02 ↑
a
 <0.02 ↑ 0.2 -   0.5 - 0.02 ↑ 

2 <0.001 ↓ <0.001 ↓ 0.7 - <0.01 ↓ 0.02 ↓ 

3 <0.001 ↑ <0.01 ↑ 0.2 -   0.2 - 0.4 - 

4 <0.001 ↓ <0.01 ↓ 0.6 - <0.001 ↓ 0.005 ↓ 

5 <0.001 ↓ <0.001 ↓ 0.6 -   0.6 - 0.5 - 

6 <0.001 ↓ <0.001 ↓ 0.3 -   0.6 - 0.5 - 

7 <0.001 ↓ <0.001 ↓ 0.2 -   0.8 - 0.2 - 

8 <0.001 ↓ <0.001 ↓ 0.5 -   0.9 - 0.2 - 

9   0.5 -   0.3 - 0.3 -   0.2 - 0.2 - 

10 <0.001 ↓ <0.01 ↓ 0.01 ↑   0.1 - 0.8 - 
a
Increase (↑) or decrease (↓) in fluorescence intensity for the second group compared to 

the first and only shown for p-values <0.05  
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Table 4. P-values obtained from T-test within ‘Not-Cancer’ group 

 

P-value 

Factor 

Normal  

v.s. 

Endometriosis 

Normal 

v.s. 

Benign 

Neoplasm 

Benign 

Neoplasm  

v.s. 

Endometriosis 

1 <1 -
*
 <0.8 - <0.8 - 

2 <0.001 ↓ <0.02 ↓   0.01 ↑ 

3 <0.005 ↑ <0.001 ↑ <0.4 - 

4 <0.001 ↓ <0.07 - <0.3 - 

5 <0.001 ↓ <0.01 ↓   0.1 - 

6 <0.001 ↓ <0.001 ↓ <0.4 - 

7 <0.5 - <0.001 ↓   0.1 - 

8 <0.6  - <0.001 ↓   0.1 - 

9 <0.2 - <0.001 ↓   0.05 - 

10 <0.001 ↓ <0.8 - <0.002 ↑ 
*
Increase (↑) or decrease (↓) in fluorescence intensity for the second group compared to 

the first and only shown for p-values <0.05  
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Table 5.  Best performing combinations for diagnostic classification 
Factor Performance 

Category 1 2 3 4 5 6 7 8 9 10 

Sp. + Sen. 

(%) (low 

to high) 

Sen. 

(%) 

Sp. 

(%) PPV
*
 

(%) 

N
o

rm
al

 

v
.s

. 

C
an

ce
r 

          181 92 89 53 

          182 92 90 55 

          182 92 90 56 

          182 92 90 55 

          182 92 90 56 

          183 88 95 69 

          184 92 92 61 

          185 88 97 79 

N
o

t 
C

an
ce

r 

v
.s

. 

C
an

ce
r 

          177 88 89 51 

          178 84 94 62 

          178 88 90 52 

          178 92 86 44 

          178 92 86 45 

          179 88 91 55 

          179 92 87 46 

          181 88 93 65 

H
ig

h
 

v
.s

. 

L
o

w
 R

is
k

  
(N

o
rm

al
)           139 78 61 67 

          139 74 65 69 

          139 82 57 66 

          140 79 61 68 

          140 78 62 68 

          140 71 69 70 

          140 80 60 67 

          142 73 69 71 

H
ig

h
 

v
.s

. 

L
o

w
 R

is
k

  
(N

o
rm

al
 

P
o

st
 M

en
o

p
au

sa
l)

           164 79 85 73 

          166 83 83 71 

          166 79 87 76 

          166 75 91 82 

          166 75 91 82 

          168 75 93 86 

          168 75 93 86 

          168 88 80 70 

B
en

ig
n

 N
eo

p
la

sm
 

an
d

 E
n
d

o
m

et
ri

o
si

s 

v
.s

. 

C
an

ce
r 

          182 88 94 78 

          182 88 94 78 

          185 88 97 87 

          185 88 97 87 

          185 88 97 87 

          185 88 97 88 

          191 100 91 72 

          191 100 91 72 
* 
Positive Predictive Value 
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Figures 

 

 

 

 
 

Figure 1.  Schematic for fluorescence data collection from ovarian biopsies.  The excitation light 

from the source is passed through an excitation spectrometer and a narrow band of light is 

coupled to the probe and directed to the surface epithelium of the ovarian biopsy.  Fluorescence 

emission is collected by the probe and routed to the emission spectrometer and detected by a 

photon multiplying tube (PMT). 
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Figure 2.  Calibrated normal and cancer excitation-emission matrices (EEM’s). Vertical axis is 

the excitation light or input to the ovarian biopsy while the horizontal axis represents the emission 

or the light detected.  The matrix represents fluorescence intensity data at the measured site for 

(A) a site on the ovary that is normal, and (B) that has cancer.  The contour map represents lines 

of equal intensity. One can appreciate multiple fluorophores or factors to this map with peaks 

qualitatively corresponding to fluorescence maximums and valleys corresponding to low 

fluorescence or absorption. 
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Figure 3.  Factor loadings compared to proposed fluorophores.  (a) Average excitation, and (b) 

emission loadings from jackknife analysis, and (c) emissions of known endogenous fluorophores 

over comparable excitation ranges. 
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Figure 4.  Distribution fits for some measurement factors that show noteworthy differences in 

means. The x-axis represents the loadings data while the y-axis represents the frequency or 

density of that data.  Both the axes are in arbitrary units.  The curves are not normalized but are 

true values.  Sub-figure (a) shows how the curves were plotted based on histograms using a 

normal distribution fit.  (a), (b), (c), (e) and (g) illustrate a decrease in fluorescence when ‘cancer’ 

samples are compared with ‘normal’. (d) illustrates an increase in fluorescence of tryptophan in 

the case of cancer samples, and (h) illustrates a similar but less significant increase in 

fluorescence when samples from post-menopausal women are compared with pre-.  All these 

results are consistent with data published in the past. (f) shows a decrease in NADH fluorescence 

when ‘cancer’ samples are compared with ‘normal’, and is contrary to past data reported. This 
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could be because the emission’s of factors 5 and 6 (NADH and collagen@390nm) have a 

significant overlap and factor 5 is not completely separated from collagen. 
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Abstract: 

 

Early detection of ovarian cancer could greatly increase the likelihood of successful 

treatment.  However present detection techniques are not very effective and symptoms 

are more commonly seen in later stage disease.  Amino acids, structural proteins and 

enzymatic co-factors have endogenous optical properties influenced by pre-cancerous 

changes and tumor-growth.  Here we present the technical details of an optical 

spectroscopy system used to quantify these properties.  A fiberoptic probe excites the 

surface epithelium (origin of ninety percent of cases) over 270-580nm and collects 

fluorescence and reflectance at 300-800nm with four or greater orders of magnitude 

instrument to background suppression.  Up to four sites per ovary are investigated on 

patients giving consent to oophorectomy and the system’s in vivo optical evaluation.  

Data acquisition is completed within twenty seconds per site.  Here we illustrate design, 

selection, and development of the components used in the system.  Concerns relating to 

clinical use, performance, calibration, and quality control are addressed.  In the future, 

spectroscopic data will be compared with histological biopsies from the corresponding 

tissue sites.  If proven effective, this technique can be useful in screening women at high 

risk of developing ovarian cancer to determine if oophorectomy is necessary. 

 

Keywords: endoscopy; tissue fluorescence; ovarian cancer; tissue spectroscopy; UVC-

excitation; fiberoptic probe. 
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1 Introduction 

Ovarian cancer has the highest mortality rate of all gynecological cancers (1-3).  

In 2009, it was the fifth leading cause of cancer related death among U.S. women, and 

21,550 new cases and 14,600 deaths were projected (3).  When detected in late stage (e.g. 

III-IV) five-year survival is low (5-15%) but when disease is confined to the ovaries five-

year survival is eighty to ninety percent supporting the need for early detection.  The 

major obstacles in developing an early detection protocol for ovarian cancer are an 

undefined pre-malignant lesion, a potential for early metastasis (4), poor access to the 

ovaries, inaccurate screening technologies and the tendency of the disease to be 

asymptomatic in the early stages. 

Ninety percent of ovarian cancers originate from the surface epithelium (5, 6) of 

either the ovary or the fallopian tube and the more aggressive of these cancers may 

metastasize very early to the peritoneal cavity.  Early diagnosis, while the disease is still 

localized at its origin, results in higher cure rates as it provides the physician with more 

treatment options and the ability to use less invasive methods (7).  Despite advances in 

conservative treatment methods both invasive and noninvasive; screening for early 

detection of ovarian cancer is not yet available (8). 

Evaluation of the family history of breast and ovarian cancer along with genetic 

testing can identify women at increased risk of developing ovarian cancer.  These women 

may benefit from additional diagnostic techniques to determine the optimal time of 

oophorectomy.  Techniques allowing surveillance of the ovary have the potential to 

prolong fertility and will delay the morbidity associated with early onset of menopause. 
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Furthermore, should proteomics testing (9) be able to identify patients developing ovarian 

cancer; optical evaluation of the ovary may become the procedure of choice to perform a 

second diagnostic evaluation to minimize false positive results.  

Several groups are investigating optical technologies to nondestructively image 

tissue at high resolution for the early diagnosis of ovarian cancer.  Some of the promising 

methods are confocal microscopy (7, 10-13), non-linear microscopy (13-17), 

spectroscopy (14-17), and optical coherence tomography (OCT) (18-20). 

 Optical spectroscopy could be used as a screening or diagnostic aid in the 

early detection of ovarian cancer.  Amino acids for instance tyrosine and tryptophan, 

structural proteins such as collagen and elastin, and enzymatic co-factors for example 

NADH (21) and FAD have fluorescence properties (22, 23).  Tyrosine and tryptophan are 

both excited near 280nm while tryptophan fluorescence dominates at 340nm emission in 

tissue.  NADH is highly fluorescent, with excitation and emission maxima at 340nm and 

460nm respectively.  The oxidized form of NADH, NAD
+
, is minimally fluorescent.   

FAD can be excited around 450nm and emits around 520nm.  In contrast to NADH, the 

oxidized forms of flavins are maximally fluorescent.  Collagen and elastin when excited 

below 340nm have emissions near 380nm.  However, different emission spectra are 

observed with longer excitation wavelengths and indicate a complex combination of 

fluorophores within collagen (24, 25).  The response of these biomarkers is a function of 

cell activity (proliferation, tumor formation, etc.) and composition of extracellular matrix 

(26).  Fluorescence can investigate changes in epithelial cell metabolism by assessing 

mitochondrial fluorophores such as the metabolic co-factors NADH and FAD.  
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Epithelial-stromal interactions modify collagen cross-linking of the extracellular matrix 

which can result in changes in fluorescence of these cross links (1).   

The clinical research device (CRD) described here accesses the surface epithelium 

of the ovary with a fiberoptic probe employed through an access port used for 

laparoscopy.  The epithelial surface is excited over 270-580nm and emission is collected 

at 300-800nm to best sample fluorophores present in the tissue.  Currently, the CRD is 

being evaluated in a clinical trial at the University Medical Center (UMC), University of 

Arizona with forty patients with scheduled oophorectomy, to collect spectroscopic data 

(IRB Federal wide Assurance Compliance: FWA00004218, Project No: 02-0495-01).  

The risk status of the study was evaluated by the data and safety monitoring board 

(DSMB) of the Arizona Cancer Center as well as Univ. of Arizona’s Institutional Review 

Board (IRB) and noted as ‘non-significant risk or low-risk study’ 

We describe the design and the selection of the components used in the CRD.  

The evolution of the fiberoptic probe which is used to interrogate the ovary is discussed 

and results on performance, calibration, quality control, and clinical use are presented.  

We compare the device with an industry-standard spectrofluorometer (Fluorolog, Horiba 

Instruments Inc., Irvine, CA) and demonstrate calibrated measurements on ovarian tissue 

during surgery.   

 

2 Materials and Methods 

The CRD is a comprehensive optical spectroscopy system and self-contained unit that 

can be used in a standard operating room (OR) and perform spectroscopic measurements 
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on ovarian tissue in vivo.  Each clinical measurement consists of accessing and exciting 

the ovarian surface epithelium through a laparoscopic access port (trocar) via a fiberoptic 

probe.  Collected light is spectroscopically analyzed and recorded for each measurement 

site.  The setup of the CRD in the OR is shown in Figure 1.  An operator interfaces with 

the mobile clinical cart, while the fiberoptic probe is set by the surgical staff on a sterile 

tray.  The end of the probe with connectors to the light and data ports is connected to the 

CRD by the operator.  The sterile part is picked up by the physician when the ovary is 

located and accessible for measurements.  The measurement is conducted under 

endoscopic surveillance.  A standard cart rack cabinet (E30-2002, Bud Industries Inc., 

Willoughby, Ohio) houses all the components.  Casters with locks and four-inch rubber 

wheels allow the system to clear small bumps common in hospitals and research 

laboratories (Luna Caster and Truck, Phoenix, AZ). 

A research protocol was developed with the gynecologic oncologists allowing in 

vivo optical evaluation of the ovaries of patients undergoing planned oophorectomy.  A 

health questionnaire is completed by the patient with the help of a research nurse which is 

later used to evaluate the patients risk status for developing ovarian cancer.  Since the 

prevalence of ovarian cancer is relatively low, patients at moderate to high risk for 

developing ovarian cancer are given highest recruitment preference as they have a higher 

probability of harboring pre-malignant changes in their ovaries.   

The research protocol allows evaluation of up to four sites per ovary and 

collection of biopsies for histological purposes.  An oophorectomy carried out in the 

UMC can either be ‘laparoscope-assisted’ or ‘open’ procedure.  To perform an optical 
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measurement, the surgeon first needs to locate the ovary in the peritoneal cavity.  

Connective tissue is removed if necessary without cutting the blood supply to the ovary.  

For a laparoscope-assisted case, the surgeon accesses the ovary through a 5-mm trocar.  

Once a site is selected and the probe is placed in contact with the ovary, the endoscope-

light is turned off and is replaced by illumination light from our fiberoptic probe which 

we can control with our instrument.  In the case of an open surgery, overhead lights of the 

operating table and room lights are turned to minimal intensity throughout the duration of 

spectroscopic measurements.  The remaining background-light collected by our 

instrument is recorded and subtracted from the tissue recordings during post processing.  

All the measurements are performed before the blood supply to the ovaries is transected.  

Selection of the measurement sites is based on the surgeon’s expertise in identifying 

suspicious areas, and in general includes two sites each on the anterior and posterior sides 

of the ovary.  Suspicious areas on the surface of the ovary include cyst walls, nodules, 

abnormal masses, discolorations, etc.   Each site is annotated prior to removal of the 

ovary from the peritoneal cavity to aid biopsy retrieval which, because of the firm 

morphology of the ovarian surface, can not be performed intra operatively.  Based on 

observation of the endoscope’s video monitor, a drawing is sketched to illustrate the 

location of the measurement.  To minimize risks from the measurement procedure, only 

ovaries planned for subsequent surgical removal are measured.  Apart from the time 

needed to perform the optical measurements, there is no modification to the surgical 

procedure. 
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There were many practical challenges in the design, development and 

maintenance of the CRD.  First, for the excitation configuration, the tissue’s UV light 

exposure needed to remain below assumed threshold limiting value (TLV) deduced from 

comparable organ sites (27).  Furthermore, the out-of-band (OOB) light has to be 

suppressed with four or greater orders of magnitude (≥ OD 4) to excite the fluorophores 

so that light reflected from the tissue will not appear as endogenous fluorescence.  

Second, for the emission detection configuration, the optical signals returning 

from the measurement site are weak requiring suppression of the system’s auto signals 

(e.g. fluorescence originating in the optical components of the CRD).  Fluorescence 

collected from epithelial tissues with fiberoptic probes is in the range of 0.01-0.4% of the 

excitation light (28).  If excitation light is scattered in the spectrometer, it will be 

misinterpreted as fluorescence so we require that the reflected light be suppressed at OD4 

or better.  The detected signal to noise ratio (SNR) needs to be 200 or better for quality 

control. 

Third, for clinical operation the electrical safety of the CRD had to be within the 

hospital’s Clinical Engineering requirements.  Space limitation in the OR requires the 

instrument to be packaged into a mobile cart.  Clinical measurements must be completed 

within the time-frame approved by the IRB. 

Fourth, the fiberoptic probe developed has to be ergonomic and sterilizable.  The 

ergonomics of the probe is important so the physician can hold the probe in contact with 

the surface of the ovary for the duration of a clinical measurement.  Sterility of the probe 

is required to use it intra-operatively.  Fifth and one of the biggest challenges was 
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marking the area of the biopsy so that the spectroscopic data accurately reflected the 

histology. 

Finally, the recorded data needed to be calibrated and quality controlled to free it 

from random and systematic errors, to exclude device failure and ensure repeatable 

performance throughout the duration of the study.  

The schematic of the spectroscopy system showing the different components that 

are integrated to form the functional units of the CRD is shown in Figure 2.  The 

excitation light is routed to the tissue or sample of interest using a fiberoptic probe and 

the fluorescence and reflectance emitted are carried back by the probe to be analyzed.  

The data acquisition process is fully automated and computer controlled. 

 

2.1 Excitation Light Source  

The excitation light source is a critical part of the CRD as it provides the tissue-exciting 

light and needs to be optimized for low OOB light in the UV and visible.  It is based on a 

custom light source using a 75W Xenon short arc lamp (UX-75XE, Photon Technology 

International (PTI), Birmingham, NJ) in a lamp housing (A1010B and LPS-220B, PTI) 

with an f/2.5 elliptical reflector creating a spot size of 3.2mm (FWHM).  This results in a 

high power density at the focus which is ideal for coupling light into a small fiber bundle.  

An integrated igniter (LPS-221B, PTI) provides the required high pre-ignition voltage to 

start the lamp and interferes minimally with other electronic equipment.  A shutter with a 

6mm aperture and blades coated with AlMgF2 (VS2581ZMO, Vincent Associates, 

Rochester, NY) controls light exposure that is synchronized with the camera electronics.  
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A plano-convex quartz lens (f=50mm) is  used for collimating the light beam through a 

10-position filter wheel (Lambda 10, Sutter Inc, Novato, CA) carrying ten filters 

(Semrock, Rochester, NY, Chroma Technologies, Rockingham, VT and Omega Optical, 

Brattleboro, VT) with low autofluorescence (AF)  and high OOB suppression.  One filter 

is a long pass filter with a cut on at 320nm for reflectance measurements and the other 

nine filters were bandpass filters used to excite fluorescence.  Their center wavelengths 

(λcenter) were selected to excite endogenous fluorophores mentioned earlier that have the 

potential to serve as biomarkers.  A second lens similar to the first is used to focus the 

light beam into the fiber bundle.  The lenses were chosen (infinite conjugates) to match 

the NA (0.22 in-air) of the fiber bundle.  A pinhole aperture is placed in the beam path to 

block stray light.  The light source assembly is cooled by an external low noise fan 

(624N, ebm-papst Inc., Mulfingen, Germany). 

 

2.2 Spectrometric Detection 

Detection of fluorescence and reflectance signals is carried out using a diffraction-grating 

based spectrometer (Inspectrum 300, Acton Research Corporation, Acton, MA).  This 

spectrometer uses a Czerny-Turner optical configuration which provides better stray light 

suppression than other compact spectrometers that are based on single mirror devices.  It 

also has a built-in filter wheel which is necessary to suppress excitation light reflected 

into the spectrometer.  The mirrors are corrected for astigmatism allowing multiple 

independent spectra to be collected independently.  The spectrometer has an integrated 

back-illuminated CCD (INS-122B, Hamamatsu, 1024x122 pixels, 24.6mm x 3mm) that 
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is cooled to -20C to lower the dark current when exposure reaches multiple seconds.  

Back-illumination provides higher quantum efficiency (η~ 85%) than a comparable UV 

coated front-illuminated CCD.  The spectrometer has an internal shutter and mechanism 

to adjust the input slit size.  The optical fibers themselves form a 200µm limiting aperture 

at the slit.  A single 150grooves/mm grating (1-015-300, Newport Corporation, Irvine, 

CA) was set to a center wavelength (λcenter) of 546nm to match the spectral range of 

interest and to match the peak wavelength of mercury spectrum (546.1nm).  The grating 

was optimized for the UV-blue (η at 300nm = 73%) to minimize the exposure when the 

sample is illuminated with short wavelengths.   

For fluorescence measurements, excitation light can be reflected into the detection 

channels and should therefore be well-suppressed.  This is achieved by placing a rotating 

five-position filter wheel in the CCD’s field of view.  Five longpass filters were selected 

to provide the suppression needed for the excitation light.  Due to the limited number of 

filter positions (total of five positions), one longpass filter position had to suppress more 

than one excitation wavelength (total of ten positions).  These filters are dielectric coated 

thus have minimal AF and also they are placed away from the conjugate plane of the 

CCD.   

 For reflection measurement, the detection spectrum has second order light as the 

spectrometer used is a grating-based device.  Thus two reflection measurements are 

carried out, one with the shortest longpass filter and the other with longpass filter at 

around 400nm. 

2.3 Fiberoptic Probe 
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The fiberoptic probe is designed to transport the excitation light to the ovarian surface 

and carry back the emission and reflectance for spectrometric detection (29).  Through 

the duration of this project three generations of fiberoptic probes were developed.  The 

differences in the three generations of the probe are summarized in Table 1.  Their 

development was based on feedback from the physician and also practical limitations 

observed while using them to perform clinical measurements.  The excitation and 

emission collection elements are identical in all three versions and they primarily differ in 

their ergonomics and support of biopsy collection.  Carbon dioxide insufflated peritoneal 

pressure (30) is maintained in all three versions.  We tested each of the three generations 

of fiberoptic probes in a Laparoscopy Simulating Training Module (Karl Storz GmbH & 

Co., Tuttlingen, Germany).  For this purpose a phantom based on porcine collagen was 

used to simulate the surface toughness and texture of an ovary. 

For biopsy collection of the probed sites, we attempted in-situ biopsy, however 

standard retrieval with forceps is not feasible and biopsy with surgical blades imposes 

additional risks to the patient.  Thus annotation of these sites is important for biopsy 

retrieval once the ovary is excised from the body.  This is addressed by using a 20-gauge 

needle (0.032”OD, 0.020”ID, HTX-21R, Small Parts) custom made (Vita Needle 

Company, Inc., Needham, MA) through a syringe channel in the probe.  A few μL of 

sterile tissue-staining-dye (methylene blue) is used at its tip (31).  A pump (NE-1000, 

New Era Pump Systems Inc., Wantagh, NY) is used for dispensing the dye using a 12’ 

medical-grade tubing (US Plastics, Lima, OH).  The needle is introduced into the 

fiberoptic probe by the OR technician before the probe is inserted into the trocar.  A 
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spring (CSXX-0080, Small Parts) prevents the syringe from protruding out of the 

fiberoptic probe.  Often the indentation of the syringe is sufficient to identify the 

measurement locations.  Synchronized illumination of the field of view was incorporated, 

as the endoscope-illumination must be turned off during measurements (as to not 

interfere with tissue emission collection).  The probe-tip uses one inch of transparent 

medical-grade polycarbonate (Zelux GS, Westlake Plastics, Lenni, PA) and the surface is 

rough-polished with a grit size of 220.  Illumination light is coupled into its proximal end 

and when it reaches the rough surface it is scattered which illuminates a larger field 

compared to the previous probes.  This allows the probe to be held steady when the 

endoscope illumination is turned off.  In addition at 120 lumens, the white light LED 

(LXK2-PW14-V00, Philips Lumileds Lighting Co., San Jose, CA) is three times brighter 

than that of the first/second generation probe.  

 The packaging of the third generation probe and the layout of the optical fibers 

representing its different functioning legs are illustrated in Figure 3(a, b).  It shows the 

configuration of the fibers used for excitation, illumination, emission, calibration and 

quality control.  Four fibers route the excitation light to the tissue and the tissue emission 

is collected by three fibers that route it to the spectrometer.  These seven fibers (200μm, 

Polymicro) are interfaced to a short single central fiber (CF) (800μm) allowing 

homogenous illumination over an 800μm area at the probe tip.  Light from the light 

source is directly coupled with a fiber (200μm) for power measurements.  A feedback 

fiber (70μm) couples light from the light source directly into the spectrometer to monitor 

band pass filter failures.  A fiber (200μm) carries light from an integrating sphere to the 
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spectrometer and could be used for calibration purposes.  N.A. (in air) of all the fibers 

employed is 0.22.  There are 21 illumination fibers that provide auxiliary illumination for 

visual feedback and these fibers terminate into the polycarbonate tip of the probe 

providing illumination of the surgical field through scattering.  The length of the probe 

was chosen to be comparable to an OR suction irrigator which is fourteen inches in 

length and fits down  a standard 5mm trocar.   A stainless steel hypodermic tube (OD 

4.77mm, HTX 06-1/2R, Small Parts) defines the length and diameter of the rigid part.  

The optical sampling fibers are housed in a smaller tube (OD 1.27mm, HTX-18T, Small 

Parts) and sticks out about 0.5mm at the probe tip.  Between the rigid probe and the 

instrument, braided stainless steel monocoil with PVC (Armor Associates, Inc, Malvern, 

PA) is used for protection of the fibers. 

The fiberoptic probe consists of several materials.  The components that come in 

direct contact with the patient and physician are made of medical grade materials such as 

stainless steel assembled using medical-grade epoxy.  Chemically inert materials were 

used at all other assembly locations of the probe.  Two assembly locations are of 

particular interest with respect to the type of glue employed: the junction connecting the 

excitation-emission fibers to the single fiber used for light mixing, and the probe tip 

where excitation light can be scattered by the sample and epoxy.  These areas could 

fluoresce and add to the measurement signal.  To reduce this, care was taken during fiber 

optic probe assembly to keep those areas glue-free.  To minimize AF of the epoxy used, 

several industry-standard medical-grade epoxies were tested for their AF to determine the 

one that could be used for probe assembly.  Measurements were performed on glue 
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samples embedded in identically sized hypodermic needles, and the fiberoptic probe was 

placed in direct contact with the glue samples.  Measurements were performed on the 

Fluorolog using the fiberoptic probe.  The excitation and emission configurations covered 

the spectral region used for patient measurement.  Furthermore, the excitation and 

emission fibers used have high-OH fused silica core to allow UVC light transmission and 

have an aluminum jacket to keep their AF low in the presence of excitation light. 

After each clinical use, the fiberoptic probe and the dye delivery tubing are rinsed 

with Medical Enzyme detergent (Enzyme Solutions, Inc., Garrett, IN), cleaned with 

ethanol and cold sterilized using 100% ethylene oxide (EtO) at 90-135F using a dual 

cycle Steri-Vac 5XL gas sterilizer and aerator (3M, St. Paul, MN).  

 

 

2.4 Calibration 

 

Calibration of the data is important to factor out device related parameters and was 

divided into power, spectral, and wavelength calibrations.  Power calibration ensures that 

power incident on the tissue is always recorded.  It is performed by taking a ratio of 

power at probe tip and at the termination of a fiber directly coupled to the light source, 

each by using a power meter (1830-C, Newport) with a UV-enhanced silicon-based 

power meter sensor (883-UV, Newport). 

 Spectral calibration ensures that the emission is collected independent of the 

sensitivity fluctuations over the spectral range of interest.  Deuterium and tungsten-

halogen light (DH2000, Ocean Optics, Dunedin, FL) sources cover the spectral range of 

interest and their output is measured at each emission filter configuration and compared 



 

95 

with the manufacturer’s data to generate a sensitivity calibration curve.  The spectral 

calibration ranges are 200-400nm and 380-800nm respectively with a spectral overlap 

from 380-400nm. 

Peaks of a mercury-argon calibration source (HG-1, Ocean Optics) are used to 

convert the linear array of pixels needed to wavelength-calibrate the spectrometer.  

Because the spectrometer rotates the grating turret during each power-up, this calibration 

is performed as part of each calibration sequence.   

 

2.5 Data Processing 

When analyzing the light path from source to sample to detector one can identify the 

transfer functions involved.  The light source is subjected to an excitation power transfer 

function prior to exciting the sample which is determined by the throughputs of the filters 

and the fiberoptic probe.  Based on its composition, the sample converts the excitation 

light into fluorescence and the amount collected also depends on the probe geometry.  

We did not further consider those, as they were kept constant by establishing probe-tissue 

physical contact.  The fluorescence emitted is subjected to a detection transfer function 

based on: spectral transmission of the fiberoptic probe, emission filters, wavelength 

dependent efficiency of the grating, and the detector’s spectral sensitivity.  Integrating 

over the excitation bandwidth one can show that the recorded fluorescence is proportional 

to the parameters described in equation: 
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where, Fλex, λem – is the fluorescence from the sample measured at λex and λem, Frec – the 

recorded fluorescence, A – the exposed area, Δt –the exposure time, Iλex – the excitation 

power at λex, Pλex – the excitation power transfer functionat λex, ηλem – the emission-

collection efficiency transfer function. 

The recorded fluorescence are the intensity values on the CCD detector.  The 

exposed area is kept constant in our study, and the exposure time is set by the control 

software.  It is kept constant for all excitation wavelengths but is changed when 

measuring calibration standards.  The excitation power is obtained by power calibration.  

The emission-collection efficiency transfer function is determined based on the spectral 

calibration. 

In order to produce calibrated fluorescence spectra, the process described in 

Figure 4 is employed. Spectrally dispersed light is recorded on the spectrometer output 

plane.  For each measurement an image is recorded with the light source shutter closed.  

The subtraction of those two images will eliminate room light and dark current of the 

sensor.  The vertical direction of the image encodes for fiber location on the spectrometer 

input slit.  Data along that direction is summed to create a single spectrum.  The 

horizontal direction of the image encodes for wavelength and based on the wavelength 

calibration we convert pixel location to wavelength.  Since the detector oversamples the 

spectrum, noise removal with a Savitsky-Golay (32) filter was employed to match the 

systems optical resolution.  By the multiplication of the computed power calibration 

factor of the excitation light and correcting by the spectral sensitivity of the detector, we 
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can compute a calibrated fluorescence spectrum. Assembling all the emission spectra into 

a matrix yields an excitation emission matrix (EEM).     

 

2.6 Quality Control 

In addition to calibration, it is important to develop a quality control protocol to ensure 

repeatable performance of the CRD throughout its lifetime.  The spectral output and 

power of the light source at each excitation filter configuration are measured.  The 

feedback fiber illustrated in Figure 3b is used for monitoring any bandpass filter leaks.  

The passbands of those filters can be monitored by coupling light from the fiberoptic 

probe to the input port of an integrating sphere (IS) and monitoring its output port with an 

IS fiber (Figure 2 and Figure 3b).  Positive and negative fluorescence and reflectance 

standards that cover the spectral range of interest were included in the measurement 

procedure.  These standards had peaks at excitation and emission wavelengths throughout 

the spectral range of the CRD.  The positive standards include p-Terphenyl, 

Tetraphenylbutadiene, Rhodamine, and Fluorescein (Starna Cells, Atascadero, CA).  The 

first three standards are fluorescence standards dissolved in methylmethacrylate and 

polymerized to produce a polymethyl methacrylate (PMMA) while Fluorescein is a liquid 

fluorescence standard in a quartz cuvette.  The negative fluorescence standard is de-

ionized (DI) water in a dark bottle.  It has a very low AF.  For reflectance measurements, 

the positive standards are microspheres dispersed in DI-UV water in a 1cm path-length 

quartz cuvette and an integrating sphere coated with broad band reflecting Spectralon 

(33) of 2-inch inner diameter.   
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In order to calculate the signal to noise ratio of the measured signals, we filtered 

the raw data with a Savitsky-Golay filtering (order=2, window size=15 pixels).  This 

processing resulted in a filtered spectrum that has the same number of elements as the 

raw spectrum but matches the spectrometer’s resolution.  The noise spectrum was then 

obtained by subtracting the original spectrum from the filtered spectrum.  A single 

number describing the noise was determined by calculating the standard deviation over a 

window of 150 pixels (75nm) located at the maximum of the fluorescence spectrum. This 

number describes the noise of the raw spectrum.  As the filter processes occurred over a 

window size of fifteen pixels one can estimate the noise remaining in the filtered 

spectrum to be square-root of fifteen smaller.  SNR is the peak intensity of the 

fluorescence signal divided by the standard deviation of the noise.   

The calibration and quality control measurements are performed within the OR using a 

dark box to baffle room light.  LabVIEW (National Instruments, Austin, TX) software is 

used to automate all the measurement procedures and for data storage.  The drivers 

developed for the shutters, filter wheel, power meter, camera and spectrometer are 

interfaced by custom written LabVIEW programs by RCubed, LLC (Lawrenceville, NJ).   

A script engine is used to select scripts that automate patient measurements, calibration 

and quality control routines and a separate batch file is generated to plot the data.  

 

3 Results 

3.1 Excitation Light Source  

The design goal of the light source was to achieve an OOB suppression of four orders or 

better at wavelengths where fluorescence occurs.  Several bandpass filters from three 
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different manufacturers (Semrock, Chroma and Omega) were investigated, and we found 

that it was more difficult to achieve the design goal with filters below 400nm.  The output 

of the configuration was analyzed by the Fluorolog.  Figure 5 illustrates the best and 

worst cases of our configuration.  Several filters did not operate at the desired 

specifications and the suppression levels were improved by placing two filters in series 

resulting in the desired OOB level.  Table 2 illustrates the filter configuration that we 

implemented in our system and lists the combination of the excitation filter with 

corresponding emission long pass filter in the spectrometer which is needed to suppress 

the reflected excitation light.  We chose long pass filters with dielectric coatings with OD 

5 or better OOB suppression and having cut on wavelength’s at 300, 372, 420 (Chroma), 

500 and 590nm (Omega). Excitation light used for reflectance measurement passes a 

320nm longpass filter and is additionally attenuated by three orders of magnitude to 

avoid detector saturation.  The total UV tissue exposure was calculated using a technique 

published by ACGIH wherein its threshold limiting value (TLV) was computed based on 

the effective irradiance relative to a monochromatic source at 270nm.  The exposure was 

determined to be less than twelve percent of the TLV set for UV-exposure when light 

exposure is 0.2 seconds at each excitation wavelength.  Of the twelve percent, eleven is 

from exposure at 280nm (Table 2).  Reflectance is collected by overlapping (300-600) 

and (420-800nm) with two measurements to achieve data from 300-800nm. 

 

3.2 Spectral Detection 
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The image plane of the detector contains three individual spectral tracks with the largest 

track occupying the light collected from the sample and two additional tracks allowing 

feedback and quality control measurements of the instrument.  Our fiber arrangement at 

the input slit of the spectrometer resulted in minimal cross talk between the tracks 

measuring sample spectra and that conducting instrument quality control. 

The camera driver allowed binning of the data in spectral (horizontal) and 

measurement track (vertical) direction.  Since binning occurs on the detector it reduces 

readout noise and the amount of data that needs to be read out and transferred.  Binning 

was optimized to not saturate the readout register and to not compromise system 

resolution while minimizing time needed to readout the data.  In the vertical, a pixel-

binning of eight was achieved and increased read-out speed by 55 percent when 

compared to un-binned readout.  Binning in the horizontal direction did not improve read 

out speed indicating that the detector does not include electronic hardware for this 

operation.  Binning is not appropriate for high signal levels such as some of our 

calibration standards, because it would saturate the readout register.  Signal intensity can 

be decreased by reducing the exposure time; however the camera drivers take 

significantly longer to reprogram the exposure time as compared to the binning.  

Therefore the exposure time was optimized for the low light levels and binning is 

disabled for high light level signals.    

Correction factors due to wavelength dependent sensitivity of the instrument are 

illustrated in Figure 6 for measurement configurations.  Fluctuations in the pass band and 

steep cut-on characteristics are typical for dielectric coated long pass filters.  An 
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approximation of the systems spectral sensitivity without long pass filters is represented 

with the radiant sensitivity curve which is directly proportional to the wavelength-

dependent quantum efficiency of the detector and the grating efficiency.  The spectral 

resolution of the detection system is determined by the size of the entrance slit image on 

the detector.  In our case the entrance aperture is a 200µm diameter fiber.  Given a pixel 

size of 24µm, a grating with 150grooves/mm and a focal length of 300mm the spectral 

resolution is 5nm and 9 times oversampled. 

 

3.3 Fiberoptic Probe 

The fiberoptic probe development primarily improved ergonomics as the sample 

illumination and signal collection were not altered compared to previously employed 

fiberoptic probes (26).  We were able to incorporate both site annotation as well as visual 

illumination features.  Annotation of the measurement site with the dye proved to be 

difficult as delivery of precise dose depends on length of the tubing and hydrostatic 

configuration between annotation site and dye delivery pump.  Also excess dye blocked 

the tip of the probe.  It turned out that a small needle puncture was sufficient to identify 

samples for later biopsy and processing, and inclusion of dye was abandoned.  Using a 

5X optical eye piece along with an anatomical sketch of the measurement location on the 

ovary improved the probability of finding the punctured site.  This technique is 

ineffective for cystic ovaries as they are fluid filled and should not be punctured.  In our 

experience about half of the punctures could be located.   In the case of sites that did not 

have an identifiable puncture; we consulted the anatomical sketch to estimate the most 
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probable location for the biopsy matching the measurement site.  This approach is 

relatively straight forward as the measurement is taken, and the location is noted in the 

context of the blood supply, the tube and the attachment to the uterus.  Even if a puncture 

mark is not seen, the location can be approximated in a reasonably accurate manner.  The 

approximate imaging depth of our probe is 50-120µm assuming that glandular breast 

tissue (34) and ovary have similar optical properties and that the optical diffusion 

constant (35) approximates the average imaging depth.  

We required the glue used to assemble the fiberoptic probe to have lower AF in 

comparison to tissue fluorescence.  To confirm this AF, four different types of glues were 

compared in fluorescence to average normal ovary using the Fluorolog (Figure 7). The 

results showed that among the tested excitation wavelengths, 280nm gave the strongest 

AF for all the glues and was nearly comparable to that of tissue fluorescence.  Except 

below 320nm, the AF from Ångström Bond 9320 is lower than tissue fluorescence and is 

the lowest among the other glues tested and so was selected as the glue of choice.  The 

other components of the fiberoptic probe that do not come in contact with the sample or 

the excitation light were assembled with glues that have high metal-metal shear strength 

and relatively low curing temperatures.  Furthermore, multiple ETO sterilizations of the 

fiberoptic probe and the dye tubing did not degrade them with time. 

 

3.4 CRD Performance 

To ensure electrical safety, a hospital grade isolation transformer with a 1000W capacity 

(ILC-1000MED4, Shoreview, MN) was used to reduce the leakage current to less than 
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40µA; a tenth of the standard hospital electrical safety limit while the ground continuity 

was less than 210mΩ; two-thirds of the maximum allowed. Thus there was no electrical 

continuity to the fiberoptic probe.  The total power consumption of the CRD was 

measured to be about 750W. 

Since our protocol requires that measurements are completed within ten minutes 

we evaluated the timing efficiency of our instrument.  With the latest firmware upgrades 

and the automated LabVIEW programming sequences, each measurement sequence takes 

approximately twenty seconds (Table 3).  The total sample exposure time was 4.4 

seconds.  We were able to start changing the excitation filters when camera data was 

transferred to the computer; however this was not possible for the emission filter wheel. 

 The emission fibers carrying the fluorescence/reflectance signals operated at a 

working F/# of 2.27.  Since the spectrometer used for detection of these signals operated 

at a system F/# = 4 and 300mm focal length, there is a loss of sixty percent of the 

detected emission signals. 

Results from positive and negative standards with their respective comparison to 

the measurements on the Fluorolog are illustrated in Figure 8.  Emission and excitation 

spectra were extracted from the respective EEM’s.  Good agreement was found for the 

systems indicating that the calibration procedure for both excitation and emission-

collection transfers were successful throughout the whole measurement wavelength 

range.   

Because the power of our light source is decreasing with time, we monitor the 

power to determine optimal time of bulb replacement.  There is a 3-8 percent power 
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fluctuation per hour while the fluctuations from one measurement day to the next one are 

13-15 percent.  This illustrates the importance to record power data for every CRD 

measurement.  The power calibration factors (between power at probe tip and power at 

feedback fiber) were at 3.7±0.1 at all wavelengths except at 280nm where it was 3.2.  As 

expected the ratio is not varying much over the excitation range as the fiber-throughput 

and chromatic aberrations of the coupling system did not appreciably vary.  

SNR of  ≥  200 is accomplished for all measurements involving calibration 

standards without saturating the camera.  Our ongoing clinical study indicates that all 

patient measurements have an SNR of larger than 110 which occurs at 555nm excitation 

when using an exposure time of 0.2s. 

 Results from a clinical measurement are presented in Figure 9 from a normal 

ovary of a 62 year old post-menopausal female.  Emission spectra from the EEM are 

illustrated in the subplots and with the corresponding background measurement in water.  

In this example, measurements from the tissue are at least half an order larger than the 

background at all excitation wavelengths.  Highest signal to background ratio was found 

at 320nm and 340nm where AF form the tissue was high.  AF of tissue at 280nm is two 

times larger than in UV-A range which is twelve times larger compared to the blue 

excitation range.  Slight dip at 420nm and ripples at 560nm are due to hemoglobin re-

absorption of the emission.  In summary the key CRD parameters and their values for the 

excitation and emission detection configurations, its clinical use and the features of the 

fiberoptic probe are listed in Table 4. 
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4  Discussion and Conclusion 

We successfully designed and built a clinical research device for use intraoperatively to 

perform clinical measurements on ovaries and we have successfully overcome the 

substantial challenges to implementation of a clinical intraoperative device. 

In the design of the excitation light source, the light-leak in the near-infrared 

region for the selected 280nm bandpass excitation filter (Semrock) is not critical as the 

detection sensitivity is relatively low in that spectral region and data past 560nm is 

excluded to avoid light at second order.  

For the emission detection system, the first three long pass filters (Chroma 

Technologies) have smoother spectral sensitivity values as compared to the last two 

(Omega Filters).  This can be seen in Figure 6.  They differ due to differences in 

manufacturing techniques used.  This is not a problem as the shortest period of the 

fluctuations is greater than 10nm and is corrected using calibration.  Also, this period is 

larger than the system resolution of 5nm.  The mismatch in the F/#’s of the fiber and the 

detection optics which is causing sixty percent loss of collected emission light can be 

reduced by using a shorter focal length spectrometer.  In addition, there is clipping of the 

fluorescence spectra at some excitation wavelengths as seen in Figure 9.  Adopting a 

filter wheel with additional filter positions could extend the emission spectrum towards 

shorter wavelengths but is not feasible with the present spectrometer.  

The issues with dye delivery cable length and hydrostatic pressure make the use 

of methylene blue as a marking dye somewhat ineffective as we were not able to deliver a 

precise amount of dye over several meters of cable length.  Surgical marking pens could 
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be an alternative approach (36, 37), but they are not yet approved for in vivo applications 

(33, 38).  The accuracy in locating the puncture sites might be improved with video 

recording of the measurement procedure which might be more accurate than an 

anatomical sketch illustrating the location of the measurement.  The ideal length of the 

fiberoptic probe would be 2-3 inches longer than the present length of fourteen inches.  

The somewhat inadequate length of the probe in a large patient requires careful handling 

to keep the probe in constant contact with the ovary during a clinical measurement, which 

is a requirement for successful measurements.   

The short term fluctuations in power are not related to the long term decrease in 

power due to lamp aging.  They are due to warming-up of components in the light 

pathway and also due to small changes in the light emitting plasma of the lamp’s cloud 

which could cause some arc-wander (39).   Power measurements during each exposure 

appear to be effective in cancelling those variations.  

For the purpose of quality control of fluorescence measurements, the use of 

feedback fibers as well as an integrating sphere fiber is redundant.  The excitation light is 

suppressed by the spectrometer's long pass filters and cannot be measured during each 

sample exposure.  Output of the excitation source is best monitored when the probe is 

placed into the integrating sphere and longpass filters are not engaged.  However for 

reflectance measurements a spectral feedback measurement in combination with a sample 

measure has been shown to increase measurement precision (40).  

When reviewing the calibration and quality control techniques in previous 

publications (40-49) that deal with fluorescence spectroscopy to generate excitation-
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emission matrices, it was found that the techniques discussed here offer equal or better 

management.  For instance, the Raman peak of water can be used to identify one peak 

emission wavelength.  However using around five or more peaks over the spectral range 

of interest provides better wavelength calibration.  Spectral sensitivity calibration of the 

components of the system over the UV-VIS spectrum needs at least two light sources 

having relatively flat spectra in the wavelength range of interest.  

The results show that the CRD is capable of performing calibrated reliable and 

safe clinical measurements well within the time-frame set by the IRB-approved research 

protocol.  Performance of our system closely compares with that of an industry-standard 

bench-top device.  In the future, the recorded data of our ongoing study will be 

statistically analyzed to determine the clinical efficacy in separating malignant growth 

from normal ovarian surface epithelium, and to determine whether normal samples from 

patients at high risk differ from those at low risk for developing ovarian cancer.  If 

proven effective, this technique could be useful for women requiring surveillance of their 

ovaries or as a follow-up test to other diagnostic techniques.  For example if ultrasound is 

used as the first diagnostic test, then optical spectroscopy could be used as the follow-up 

test to determine the need for ovary-removal based on characteristics of malignancy.  One 

potential limitation of this approach is the current paradigm shift that many of the cancers 

arise within the fallopian tube in patients with BRCA mutations (50).   However, there 

may be changes in the extracellular matrix (a field effect) in the ovary as suggested with 

SHG of the ovary (51, 52) which can be measured with fluorescence spectroscopy. 



 

108 

We have presented a potential approach which could also be adapted to transvaginal 

access which would be less costly and less invasive.  This approach, if proven effective, 

would be most useful and economical in women at high risk of developing ovarian cancer 

and might determine the ideal time for a high risk woman to undergo an oophorectomy. 
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Figures and Tables 

 

 

Figure 1.  Schematic of the CRD in a clinical set-up.  The CRD is to the left, followed by a sterile 

table on which a surgery tray containing the fiberoptic probe is placed.  The patient bed is to the 

right.  The gross anatomy seen through a laparoscope is visible on the screen with the fiberoptic 

probe in contact with the ovary.   A large cystic left ovary can be identified to the left. 
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Figure 2.  Illustration of the system diagram of the optical spectroscopy system used in the CRD.  

It consists of four main components: (1) an excitation light source comprising an arc lamp 

combined with filter wheels and a fiberoptic coupling system, (2) a fiberoptic probe that directs 

light onto the tissue and collects fluorescence and reflected light, (3) a spectrograph that includes 

a thermoelectrically cooled CCD, (4) and (5) calibration components.  ‘Sh’ and ‘FW1’ represent 

the light source shutter and light source filter wheel. ‘SI’ is the surgical illuminator while ‘P1’ 

and ‘P2’ are the two configurations of the power meter.  ‘T’, ‘D’ and ‘M’ represent tungsten-

halogen, deuterium and mercury calibration light sources.  ‘IS’ is an integrating sphere providing 

uniform illumination of the fiberoptic probe during calibration measurements.  ‘Spx’ represents a 

spectrometer while ‘FW2’ and ‘CCD” represent the filter wheel and camera in the spectrometer. 
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Figure 3. (a) Packaging of the third generation fiberoptic probe. Section 'AA' shows the cross 

section of the probe tip where the excitation light, diffused illumination light and spring-loaded 

syringe emerge. (b) Illustration of the optical wiring diagram. ‘EX’ and ‘SPX’ are the excitation 

and emission fibers interfacing with ‘CF’; the central 800µm fiber.  ‘IC’ represents the 21 

illumination channel fibers. Section ‘BB’ presents the cross section of the probe where the IC 

fibers (3x7) terminate and the syringe channel (‘SC’) goes through.  Section ‘CC’ illustrates the 

seven EX-SPX fibers, the 21 ‘IC’ fibers and the through syringe channel. ‘PM’, ‘FB-1, 2’ and 

‘IS’ are the power meter, feedback and integration sphere fibers respectively.  The ‘EX’, ‘PM’, 

and ‘FB-1’ fibers are bundled together and terminated with a FC connector (section ‘DD’).  They 

are simultaneously illuminated by the light source. ‘IS’ is the integrating sphere fiber.  The 
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interface ‘FB-1-FB-2’ is for monitoring bandpass filter failures. The ‘SPX’, ‘FB-2’ and ‘IS’ 

fibers are bundled together and terminated in a linear arrangement with a ferrule that fits the 

entrance slit of the spectrometer (section ‘EE’).   

 

 

Figure 4.  Flow chart showing the CRD’s data processing sequence.  Raw image from the 

spectrometer camera and background data (excitation shutter closed) were acquired for every site 

during patient measurements.  Wavelength calibration transformed the background subtracted 

data from pixel-space to wavelength-space.  Noise removal was performed using Savitsky-Golay 

filtering (order = 2, window size = 15) (32) to match the systems resolution.  The filtered 

spectrum was calibrated by the excitation power and the spectral sensitivity of the device. Several 

spectra were finally assembled to an excitation-emission matrix (EEM). 
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Figure 5.  Best (a) and worst (b) cases of out-of-band suppression of the excitation light source 

measured for 400nm and 280nm excitation filters respectively.  ‘A’ and ‘B’ in both graphs 

represent the pass-band for the excitation configuration and its second order.  The regions 

between them, in both cases, represent the out-of-band region where fluorescence is measured. 

‘C’ represents the light leaking through the filter in the infrared. The out-of-band light intensity in 

(a) is on an average 5 orders lower than the pass band while in (b) it varies from 4.1 to 4.9 orders.  

The remaining excitation configurations have an out-of-band suppression of OD4.8 or better. 
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Figure 6.  CRD’s spectral-sensitivities for the five different long pass filter configurations (300, 

372, 420, 500, and 590).  The first three filters (Chroma Technology) have smoother responses in 

comparison to the last two filters (Omega Filters).  In addition the curve composed of the device’s 

CCD quantum efficiency and the spectrometer’s grating efficiency is plotted and shows relative 

good agreement in the visible.  The detection sensitivity is highest in the visible and is lower in 

the UV and near-infrared.  The detector and spectrometer have been optimized for UV sensitivity. 
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Figure 7.  Choice of glue employed in the fiberoptic probe.  Except below 320nm, the AF from 

AB9320 is lower than tissue fluorescence and is the lowest among the other glues tested. 353ND 

black works better below 320nm and has the lowest AF and is lower than tissue fluorescence by a 

factor of ~4.5 while AB9320 is ~1.5 times higher.  At all other excitation wavelengths AB9320 

exhibits lowest AF. 
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Figure 8.  CRD’s measurement accuracy in comparison to measurements performed on the 

Fluorolog.  The plots show the comparison of the excitation and emission spectra for the two 

devices using the same fiberoptic probe.  Measurements are performed on fluorescence standards. 

(a), through (d) show that the CRD measurement results (o, +) closely follow those from the 

Fluorolog.  (a) Excitation range (EX) = 270-290nm, emission range (EM) = 305-440nm, (b) EX = 

310-355nm, EM = 390-510nm, (c) EX = 400-490nm, EM=504-530, and (d) EX = 400-450nm, 

EM=596-620nm. 
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Figure 9.  Single calibrated and processed clinical data compared with its background (water). (a) 

Complete excitation emission matrix (EEM) representing fluorescence intensity data at the 

measured site.  The contours represent areas of equal intensity.  (b) Illustrates the emissions 

collected when the site is excited at 280, 320 and 340 are at two orders or more higher in 

magnitude than the corresponding background. (c) The ones at 365, 400 and 415 are an order or 

more higher, while (d) the ones at 440, 480 and 555 results in higher than half an order when 

compared to background.  Fluorescence spectra are background subtracted. Fluorescence in (b) is 

an order of magnitude larger than (c) which is approximately 5 times larger than (d). 
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Tables: 

Table 1. Comparative summary of fiber optic probe features over its three generations. 

 

Features First Generation Second Generation Third Generation 

Patient Cable Length 3m 4m 4m 

Surgeon Illuminator No Yes Yes 

Dye Marking Capability No Yes Yes 

Illumination Type NA Fiber Illumination Diffuse Illumination 

Illumination LED NA 45 lumens 120 lumens 

Illumination Efficiency NA Lower Higher 

Laparoscope Compatibility External Adaptor Integrated Integrated 

Probe Length (inches) 20 20 14 

Laparoscopic Pressure 

Maintenance 

MGES
#
 O-ring Trocar Trocar 

#
Medical grade and Ethylene oxide sterilizable. 
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Table 2.  Filters employed in the CRD. 

 

Measurement 

Type 

Excitation 

Filter 

λcenter(nm)  

BW(nm)  

Emission 

Filter 

Cut-on 

(nm) 

Effective 

Transmission 

(%) 

Power 

Delivered 

(µW) 

TLV 

Safety 

(%) 

Fluorescence 280
*
(20) 300 57 9 11.10 

320
*
(17) 372 60 50 0.18 

340
*
(34) 372 55 63 0.03 

370
*
(20) 420 90 34 <0.01 

400
#
(13) 420 40 36 <0.01 

415(30) 500 70 205 <0.01 

440(21) 500 60 128 NA 

480(23) 500 80 224 NA 

555(30) 590 80 348 NA 

Reflectance Cut-on at 

320 & 

OD3 

300, 420 0.093 45 0.6% 

*
Two identical filters in series. 

#
400nm band pass filter followed by a short-pass filter to suppress out-of-band light. 
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Table 3. Measurement timing efficiency for a single measurement. 

 

LabVIEW Operation Average 

Time (ms) 

Count Total 

Save Data 20 22 440 

Spectrometer Filter Change 1200 5 6000 

Camera Acquire (Transfer Data
#
)

*
 540 (200) 22 11880 

Shutter Enable/Close 30 44 1320 

Total measurement per site is 19-20 seconds.  

Total camera exposure is ~ 4.4 seconds.
 

*
Light source filters changed during data transfer.   

#
Transfer-data time is included in camera-acquire time. 

(200) in Camera Acquire is the exposure time.  
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Table 4.  Performance summary of the CRD. 

 

 CRD Parameter Specification 

Excitation Configuration 

 UV Safety for Tissue Exposure @ 270nm 12% of  Threshold Limiting Value 

set by ACGIH 

Excitation 270-580nm 

Excitation Bandwidth 13-35nm 

Out-Of-Band Suppression ≥ OD 4 

Emission Detection Configuration 

 Spectral Collection 300-810nm 

Spectral Resolution ≤5nm 

SNR ≥200 

Out-Of-Band Suppression of Reflected Light ≥OD 5  

Clinical Operation 

 Laparoscope Compatibility 5mm 

Operating Table Compatibility Yes 

Single Site Measurement Time  Under 20 seconds 

Dye Delivery Volume 1µL(±1nL) 

Fiber Optic Probe 

 Ovarian Surface Area in Contact 1.6mm
2
 

Approximate Imaging Depth 50-120µm 

Sampling Spot Diameter 1mm 

Numerical Aperture in Tissue 0.17 

Optical Magnification 1 
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Abstract: 

 

Background and Objectives: Endogenous fluorescence from certain amino acids, structural 

proteins and enzymatic co-factors in tissue is altered by carcinogenesis.  The results from our 

prior in-vitro fluorescence spectroscopy study was useful in evaluating the potential of these 

changes in fluorescence, to predict malignancy and estimate risk of developing ovarian cancer.  

Here we evaluate the same in-vivo. 

 

Study Design/Materials and Methods: A fiber optic probe excites the surface epithelium (origin 

of ninety percent of cases) in-vivo, over 270-580nm and collects fluorescence at 300-800nm.  189 

samples were measured and biopsied from 37 consented patients.  Using parallel factor analysis 

along with results from our in-vitro study, pathology of biopsies of sites was compared to their 

corresponding calibrated tissue fluorescence measurements. 
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Results: Using results from the prior in-vitro data as a training set, a sensitivity/specificity of 

100/94% resulted for normal versus cancer in vivo samples. While, using cross-validated training 

sets, sensitivity and specificity of 68 and 93%, respectively, were obtained for low- versus high-

risk samples.  Consistent with our in-vitro results, the performance of classifying ‘not-cancer’ 

versus cancer increases when benign neoplasm and endometriosis samples are not included.   

 

Conclusions: Considering the relative complexity of acquiring fluorescence data in-vivo over in-

vitro, the results obtained are quite promising and could be useful and economical in women at 

increased risk of developing ovarian cancer and might determine the ideal time to undergo an 

oophorectomy. 

 

Key words: tissue optical spectroscopy; UVC-excitation; excitation emission matrix; endogenous 

fluorescence; ovarian cancer risk-status. 

1 Introduction 

 

Ovarian epithelial carcinoma is the second most common gynecological cancer and claims more 

lives than any other gynecological cancer in industrialized countries (1).  In 2013, it is the fifth 

leading cause of cancer related death among U.S. women, 5% of all sites, with 22,240 new cases 

and 14,030 deaths estimated (1).  Early ovarian cancer usually has no obvious symptom, and 

currently no screening test is capable of consistently detecting the disease at the early localized 

state (2).  For this reason, only 15% of all ovarian cancer cases are diagnosed at the localized 

stage in which the disease has 80% or better cure rate, rather than 30% for a late diagnosis.  

Ninety percent of the time, the origin of ovarian cancer is from the surface epithelium of either 

the ovary or the fallopian tube.  This makes the diagnostic access of the surface epithelium 

extremely important for the prospect of early ovarian cancer detection. 
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Mutations in the BRCA1/2 genes or a strong family history of breast and/or ovarian 

cancer have been strongly linked to an increased susceptibility to both breast and ovarian cancer.  

The lifetime risk of ovarian cancer for women with BRCA1 mutation may be as high as 40% 

while the risk for women with BRCA2 mutations is around 10% (3).  Evaluation of the family 

history of breast and ovarian cancer along with genetic testing can identify women at increased 

risk of developing ovarian cancer. Additionally, other medical conditions associated with 

increased risk include pelvic inflammatory diseases and a genetic condition called Lynch 

syndrome (2). The use of estrogen alone as a postmenopausal hormone therapy has shown to 

increase risk in several large studies.  Also, heavier body weight may be associated with 

increased risk of developing ovarian cancer (2).  These women may benefit from additional 

diagnostic techniques that help determine the optimal time of oophorectomy. These techniques 

would ideally have the potential to prolong fertility and delay the morbidity associated with early 

onset of menopause.  

One promising approach for the detection of epithelial lesions in the colon, cervix, 

bladder, head and neck, esophagus and other epithelial surfaces has been optical spectroscopic 

evaluation of endogenous tissue contrast using both fluorescence- and reflectance-based 

techniques (3-5).  Furthermore, a number of optical spectroscopy techniques have been examined 

for detection of epithelial neoplasms, including diffuse reflectance spectroscopy, fluorescence 

spectroscopy, and Raman spectroscopy.  Algorithms have been developed to analyze tissue 

fluorescence and identify early neoplastic changes. 

Our prior in vitro study described in a recent published manuscript (6), used fluorescence 

spectroscopy as a diagnostic aid for detection of ovarian cancer.   It assessed the changes in 

endogenous fluorescence properties due to neoplastic changes in the concentration of amino 

acids, for instance, tyrosine and tryptophan, structural proteins such as collagen and elastin, and 
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enzymatic co-factors for example NADH and FAD.  The changes in fluorescence in these 

endogenous fluorophores were correlated to assessing the samples for cancer diagnostics and 

performed risk assessment of developing ovarian cancer.  We achieved a sensitivity and 

specificity of 93 and 88%, respectively, for separating normal from cancer samples, and 80 and 

88%, respectively, for differentiating low from high risk samples.  Ovarian biopsies were 

interrogated over a 270-550nm excitation range, and fluorescence emission was collected from 

290 to 700nm.  A total of 249 measurements were performed on 49 IRB consented patients 

undergoing oophorectomy.  Data were analyzed using parallel factor analysis (PARAFAC) to 

determine the excitation and emission spectra of the underlying factors that were fluorophores 

contributing to the total detected fluorescence intensity. The number of underlying factors was 

found to be 10.  The excitation and emission spectra of these 10 factors were correlated to those 

from known fluorophores available from our earlier studies and from literature.  Specifically, 

excitation and emission spectra of factors 1, 2 and 3 closely correlated to those of tryptophan, 

tyrosine and beta carotene, respectively.  In the case of factors 4, 5, 6, and 7 they were collagen 

type I, NAD(P)H excited @ 350nm, collagen excited @ 390nm, and FAD, respectively.  Factor 8 

was FAD-related while factor 9 correlated to collagen excited @ 550nm.  Factor 10 correlated to 

the overall measured fluorescence intensity. 

In the work reported here, the results we obtained from the in-vitro study and our clinical 

research device (CRD), were used to investigate the potential of using fluorescence spectroscopy 

for malignancy-diagnosis and risk assessment, in vivo, on the ovaries of IRB-consented patients 

undergoing oophorectomy.   The in vivo measurements were performed over a period of four 

years, at the University Medical Center (UMC), University of Arizona with forty patients 

scheduled to undergo oophorectomy.  Spectroscopic data were collected under IRB Federal wide 

Assurance Compliance (FWA00004218, Project No: 02-0495-01). The operational risk status of 
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the study was evaluated by the data and safety monitoring board (DSMB) of the Arizona Cancer 

Center as well as Univ. of Arizona’s Institutional Review Board (IRB) and noted as ‘non-

significant risk or low-risk study’.  Data were analyzed using parallel factor analysis (PARAFAC) 

and results obtained in the in vitro study as a starting point, resulting in two dimensional 

components describing an excitation and emission spectrum for each component and 

corresponding loadings.  For diagnosis of malignancy we differentiated normal from cancer, 

using data from our in vitro study as a training set and the best factor combinations.  The resultant 

sensitivity and specificity is 100 and 94%, respectively.  Also, consistent with our in vitro results, 

performance (sensitivity + specificity) for decreases when the normal group included samples 

that had benign neoplasm and endometriosis.  For risk status assessment, we used cross validated 

in vivo data as a training set to separate low- from high-risk samples.  We obtained a sensitivity 

and specificity of 68 and 93%.   

Considering the complexity of getting fluorescence data in vivo, the results obtained are 

quite promising, and could be useful and economical in women at increased risk of developing 

ovarian cancer by determining the ideal time to undergo oophorectomy, and in the case of 

younger women, improve their chance to stay fertile and avoid the morbidity associated with 

early onset of menopause. 

 

2 Materials and Methods 

 

2.1 CRD and In Vivo Clinical Setup 

 Spectroscopic measurements were performed on ovaries in vivo using our CRD (Ref: 

George2).  The CRD is a comprehensive optical spectroscopy system and self-contained unit that 

can be used in a standard operating room (OR) to perform spectroscopic measurements on the 

surface epithelium of human ovaries in vivo.  Each spectroscopic measurement consists of 

accessing and exciting the ovarian surface epithelium through a laparoscopic access port (trocar) 
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via a fiber optic probe.  Collected light is spectroscopically analyzed and recorded for each 

measurement site.  The set-up for the CRD in the OR is shown in Fig. 1.  An operator interfaces 

with the mobile clinical cart, while the fiber optic probe is setup by the surgical staff on a sterile 

tray.  The proximal end of the probe with connectors to the light and dataports is connected to the 

CRD by the operator.  The sterile distal end of the probe is placed in contact with the ovary by the 

physician when the ovary is laparoscopically accessible for measurements. 

 

2.2 Research Protocol, Risk Status and Pathology 

 A research protocol was developed with the gynecologist’s oncologists allowing in vivo 

optical evaluation of the ovaries of patients undergoing planned oophorectomy. Lifetime risk 

status of the patients for development of ovarian cancer was also determined.  Since the 

prevalence of ovarian cancer is relatively low, patients at moderate to high risk of developing 

ovarian cancer are given the highest recruitment preferences as they have a higher probability of 

harboring pre-malignant changes in their ovaries. 

The risk status of the study patients was determined by a genetic counselor who assessed 

the patient’s family- and personal-history of cancer using the Parmigiani method, where the 

genetic testing sensitivity was estimated to be at least 85%, with false-negative rates unknown 

(7).  The risk status was divided into four categories, low, medium, high and cancer.  Low risk 

corresponds to a normal lifetime risk of <2% for developing ovarian cancer.  High risk family 

histories with an elevated risk of developing ovarian cancer include > two breast cancers and one 

or more cases of ovarian cancer at any age, > three cases of breast cancer before age 50 years, 

sister pairs with cancers less than age 50 years, cases of breast cancer occurring at or before age 

40 years, Ashkenazi Jewish decent (which carry a 2% or greater risk of mutation), or one or more 

cases of breast/ovarian cancer and a normal ovary on the contralateral side to an ovary with 

cancer. 
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The research protocol allows up  to four sites per ovary to be spectroscopically measured 

and the corresponding biopsies to be collected for histological purposes.  Once the fluorescence 

and reflectance data were recorded, the biopsies of the measured sites were retrieved and the 

samples were fixed and prepared for histology.  Histology slides were examined by a single 

pathologist, and for every slide the corresponding diagnosis was recorded.  The diagnoses of the 

samples were stratified into four main categories: normal ovary (no structures except stroma, 

epithelium, corpus albicans and corpus luteum), benign neoplasm (abnormal growth without 

invasive areas), endometriosis (growth of both endometrial glands and stroma on the ovary), or 

cancer (invasion of carcinoma into the ovary) (8). 

 

2.3 In Vivo Spectroscopic Measurement 

 The spectroscopic system used in the CRD is briefly summarized here, and the details 

can be found in our prior publication (9). Fig.2 shows a general schematic block diagram of the 

spectroscopy system.  It consists of Xenon arc lamp coupled to a fiber optic probe through an 

excitation filter wheel.  The range of excitation wavelengths is selected to match the excitation of 

endogenous fluorophores correlated in our in vitro publication (6) from 270-580nm.  Specifically, 

the excitation wavelength centers were at 280, 320, 340, 365, 400, 415, 440, 480 and 550nm with 

a bandwidth of 13-35nm.  Emission was collected over 300-800nm with ≥ 4 orders of magnitude 

instrument to background suppression.  Every measurement site was completed within 20 

seconds.  The probe directs the excitation light to the surface epithelium of the ovary and also 

collects the fluorescence and reflectance emitted by the tissue. In fluorescence measurements, 

filters are used to remove the excitation reflectance (emission filter wheel). The fluorescence 

emission is delivered to a diffraction-grating based spectrometer that has an imaging CCD 

camera.  Apart from the time needed to perform spectroscopic measurements on the ovaries, there 
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is no modification to the surgical procedure.  All the measurements were performed before the 

blood supply to the ovaries was interrupted in order to maintain normal ovarian physiology. 

 

2.4 Site Selection, Annotation and Biopsy Retrieval  

Oophorectomy was typically performed laparoscopically, but in some cases an open 

surgery was performed.  Selection of the biopsy sites is based on the surgeon’s expertise in 

identifying suspicious areas and in general included one site each on the anterior and posterior 

side of the ovary.  Suspicious areas on the surface of the ovary include cyst walls, nodules, 

abnormal masses, discolorations, and such.  If a suspicious growth was observed on one of the 

ovaries, measurements were also made on the contralateral ovary if present and accessible.  

Furthermore, even a normal looking region of an ovary next to a malignant lesion is most likely 

‘not normal’ due to cancer field effect described by Woodruff et al in 1969 (8).  

Each site is annotated prior to removal of the ovary from the peritoneal cavity to aid 

biopsy retrieval Whole ovaries and attached fallopian tubes were severed via electrosurgery and 

care was taken to always grasp the ovaries by the fallopian tube to avoid damage to the fragile 

ovarian epithelium.  Each biopsy measured approximately 5x10mm.   

 

2.5 Fiber Optic Probe 

 A custom fiber optic probe was used to interrogate the surface epithelium of the ovary.  

The sampling spot diameter on the tissue was 1mm over a depth of approximately 50-120µm in 

the tissue.  The fiber optic probe is designed as a channel to guide the excitation light to the 

surface epithelium and carry back the fluorescence and reflected light for spectrometric detection. 

 Over the course of the 40-patient clinical trial, three different generations of fiber optic 

probes were used.  Their development was based on feedback from the physician and also 
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practical limitations observed while using them to perform clinical measurements.  The excitation 

and emission collection elements are identical in all versions and they primarily differ in their 

ergonomics and support of biopsy collection.  The first probe was used to perform clinical 

measurements on the initial 6 patients, while the second and the third were used to perform 

measurements on the following 24 and 10 patients, respectively.  Furthermore, of the 40 patients 

consented and enrolled during the course of the study, spectroscopic data from only 37 patients 

could be used because the fiber optic probe became ineffective during surgery due to broken 

fibers on two occasions, and the third probe was bent due to accidental mishandling.  

2.6 Calibration and Quality Control 

 Recorded data were calibrated and quality control procedures utilized to minimize 

random and systematic errors.  This helped to identify device failures, which happened on three 

different occasions, and ensured repeatable performance throughout the duration of the study.  

Power, spectral and wavelength calibrations were performed.  Power calibration monitored the 

power incident on the tissue, while spectral calibration ensured that emission was collected 

independent of the sensitivity fluctuations over the spectral range of interest.  Finally, wavelength 

calibration ensured that CCD pixel locations correlated to wavelength in nm.  Our CRD 

publication (9) describes the sources used and the procedures followed for calibration. 

 For quality control, positive and negative fluorescence standards that cover the spectral 

range of interest were used.  The positive standard included p-terphenyl, tetraphenylbutadiene, 

rhodamine, and fluorescein (Starna Cells, Atascadero, CA), while the negative fluorescence 

standard was de-ionized water in a dark bottle.  The negative control had very low auto 

fluorescence.  For reflectance measurements, the positive standards were microspheres dispersed 

in de-ionized water in a 1-cm path length quartz cuvette and a 2-inch diameter integrating sphere 

coated with broadband reflecting Spectralon. 
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2.7 Data Acquisition  

 Measured fluorescence in vivo data and de-identified patient information were stored in a 

custom clinical database (eBlox, Tucson, AZ).  This includes patient ID, age, menopausal status 

(pre-/peri-/post-), risk status (low/medium/high/cancer) and histological diagnosis 

(normal/cancer/endometriosis/benign neoplasm).  This database runs on ‘my SQL’, and is 

interfaced with MatLAB (Natick, MA).   

 

2.8 Data Assembly 

 For each sample, fluorescence emission spectra were recorded at each of the nine 

excitation wavelengths (section 2.3).  Each fluorescence spectrum was background spectrum 

substracted.  Wavelength calibration data were used to transform the back subtracted data from 

CCD ‘pixel-space’ into ‘wavelength-space’. Noise removal was performed using Savitsky-Golay 

filtering to match the CRD’s resolution (CRD publication).  The filtered emission spectra were 

calibrated by the corresponding excitation powers and the spectral sensitivity of the CRD.  These 

calibrated fluorescence spectra were assembled to form an excitation-emission matrix (EEM) 

with rows as excitation wavelengths and columns as the corresponding emission wavelengths.  

Every entry in this matrix corresponds to a fluorescence intensity value at a particular excitation 

wavelength (row) and emission wavelength (column). An example EEM of a 57-year-old post-

menopausal patient is shown in Fig. (3a), and an EEM of a 70 year-old post-menopausal patient 

who had cancer in both ovaries is shown in Fig. (3b).  The EEM from the cancer patient shows an 

overall decrease in fluorescence intensity as compared to the EEM from a normal non-malignant 

ovary.  Figure 4 summarizes the sequence of operations involved with the CRD from the 

excitation source to the processed meaningful interpretation. 
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2.9  Data Analysis 

 Since endogenous fluorescence spectra are convoluted by the broad emission bandwidth 

of the contributing fluorophores, for a quantitative analysis and automated classification of each 

fluorescence measurement, a mathematical algorithm is necessary.  Parallel factor analysis 

(PARAFAC) was found useful in extracting individual fluorophore contributions in our prior 

single-point in vitro data analysis and was used here as well. 

 For the in vivo data collected (fluorescence measurements on 189 samples), PARAFAC 

works when these measurements are placed together in a three dimensional in vivo matrix, called 

3DEEM for convenience, where each slice of the matrix represents an EEM created for a single 

sample.  Furthermore, PARAFAC fits the 189 in vivo fluorescence measurements from the 

3DEEM in terms of a common set of factors with differing relative loadings (weights) in each 

fluorescent measurement.  The fitting model used for PARAFAC is Alternating Least Squares 

(ALS), also known as Iterative Least Squares (Wold, 1996).  Fluorescence data can be linearly 

decomposed to fit a trilinear model, in which two dimensions are kept constant while the third 

one is varied.  This model is presented in our in vitro publication and was originally developed by 

Harshman et al. (10,11).  The three dimensions are (a) tissue (M_1 through M_189), (b) emission 

spectral values (300 to 800nm, total 42 values) and (c) excitation wavelengths (280, 320, 365, 

400, 415, 440, 480 and 555nm, total 9 values).  The model computed by PARAFAC is fitted to 

the fluorescence measurements by fitting a set of covariance matrices computed from the 

measurements, with each matrix corresponding to a two-way subset of the data.  The two ways 

being excitation and emission spectra of the factor (underlying endogenous fluorophore) 

computed.  These covariance matrices are loading matrices initialized using random selected 

values and repeated six times.  If the resulting models were the same in all cases, random 
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initialization does not converge to the same model.  As mentioned earlier, the fitting model uses 

ALS iteratively, and converges by the linear extrapolation of the estimates of the loading 

matrices.  The iteration should stop when the relative change in fit of the modeled and original 

data <1E-6 or the maximum number of iterations is reached (2500).  The model handles missing 

data (for e.g., no emission is collected at wavelength shorter than the excitation even though a 

fluorophore has emission properties throughout the spectral range) by estimating them; but these 

values are not used to optimize the fit of the model.  A non-negativity constraint was applied to 

the loadings as our analysis set cannot easily create separate factors for emission and 

absorption/scattering. 

 Since each fluorescence measurement performed on a tissue has an excitation and 

emission dimension, each factor (endogenous fluorophore) computed by PARAFAC will also 

have the corresponding two dimensions.  These two dimensions are the excitation and emission 

spectra.  Each fluorescence measurement (total 189) will also have the associated loadings 

corresponding to the excitation and emission spectra of the factor (underlying endogenous 

fluorophore) computed.  A loading (or weight) of a measurement indicates how significant that 

particular measurement is in determining the factor(s) computed for the 3D-EEM. 

 The significance (S) of an in vivo fluorophore measurement for the 3DEEM, say the first 

measurement (M_1) on the first factor computed by PARAFAC, say F_1 that has two loadings, 

one for excitation (Ex) and other for emission (Em) is given by: 

SM_1 = Ƒ(loadingEx,M_1*FLEx,F_1)* Ƒ(loadingEm,M_1*FLEm,F_1)                                                                           

(1) 

where, 

SM_1 = significance of fluorescence measurement M_1, 

loadingEx,M_1 = excitation loading for measurement M_1, 
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FLEx,F_1 = excitation spectra for factor 1 

loadingEx,M_1 = emission loading for measurement M_1, 

FLEm,F_1 = emission spectra for factor 1 

 

2.10 Implementation of PARAFAC 

 From previous knowledge of the composition of tissue and our in vitro investigation, we 

were expecting 7 to 9 factors to represent endogenous fluorophores extracted from the 3DEEM.  

In order to minimize the effect of missing data, we broke the in vivo data into four sub-datasets.  

Sub-dataset1 included excitations (in nm) at 280 and 320, sub-dataset2: 340 and 365, sub-

dataset3: 400, 415 and 440, and sub-dataset4: 480 and 555.  The corresponding emission ranges 

(in nm) are from 310-515nm, 380-645nm, 430-695nm and 510-695nm, respectively.  Emission 

was sampled at every 5nm.  

 Once PARAFAC analysis was performed for the first sub-dataset1, the results from the 

factor analysis can be presented as follows: 

FactorsSet1 = (M_189*FacNum1, Em_42*FacNum1, Ex_2*FacNum1)                                                      

(2)  

where, FacNum1 is the number of factors extracted for sub-dataset1.  M_189, Em_42 and Ex_2 

are the loadings (weights) of the fluorescence measurements (189 measurements in total), 

emission wavelengths (total 42) and excitation wavelengths (total 2), respectively.  The remaining 

three sub-datasets can also be represented similarly.  

 To determine the correct number of factors for each dataset, core consistency diagnosis 

was used as a verification method (12).  Also, the model consistency was achieved by randomly 

changing the initial values of the factors and observing the convergence of the model iterations 

towards the same factors.  The convergence criteria were similar to that mentioned earlier in the 
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text.  Once the number of factors for each dataset were found, Jack-knife analysis (13) was used 

to evaluate the variance in the model when a single fluorescence measurement was left out.  

 Each spectral measurement was normalized to get the total area under the excitation-

emission curve to be unity.  This emphasized spectral shape.  However, critical intensity 

information from measurement to measurement is lost in the process.  Work performed in the past 

in our laboratory has shown that sensitivity of diagnosis improves when ‘normalization’ factor is 

included.  Therefore, ‘normalization’ was added as a ‘factor’ in addition to the ones determined 

by PARAFAC. 

 

2.11  In Vitro Data Training 

The prior in vitro data and their corresponding histopathology diagnosis results were used to 

train a classifier that we applied to 3DEEM and its corresponding histopathology diagnosis.  In 

fact, a total of 10 factors (the tenth one being the ‘normalization’ factor) were obtained in that 

study.  However, the in vitro data had five additional excitation wavelengths, namely, 300, 380, 

460, 510 and 530nm that had to be excluded to match the 3DEEM excitation set.  PARAFAC was 

then performed on the ‘reduced’ in vitro data using similar (to 3DEEM) sub datasets to get the 

number of factors (FacNum) identical to that obtained from 3DEEM (using PARAFAC).  

Subsequently, these factors were used as an ‘old load’ or ‘initialization’ value in the concluding 

PARAFAC analysis performed on 3DEEM.  This resulted in a 3DEEM ‘in vitro flavored’ 

measurement loadings set. 

 

2.12 Classification 

As performed in the prior in vitro study, the quadratic discriminant analysis factor function 

called ‘classify’ from MatLAB was used here for predicting whether a measurement belongs to 
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one class/group or another.  Also, to perform ‘classify’, a set of training measurements of known 

class/group is required, and as mentioned in the earlier section, the reduced in vitro spectral 

measurements (total of 247 along with their corresponding histopathologically identified groups 

are used as a set to train the classifier.  This trained classifier is used to classify the 3DEEM ‘in 

vitro flavored’ measurement loadings set into the four classes/groups mentioned in section 2.2.  

Using the classification, the following discriminant combinations of the groups (section 2.2) were 

used: 

(i) normal versus cancer 

(ii) not cancer (normal + benign neoplasm + endometriosis) versus cancer 

(iii) benign neoplasm/endometriosis versus cancer 

(iv) low- versus high-risk (normal pre- and post-menopausal) 

(v) low- versus high-risk (normal post-menopausal only),  

Also, the following discriminant combinations of the groups that are ‘not cancer’ were used: 

(vi) normal versus endometriosis 

(vii) normal versus benign neoplasm 

(viii) benign neoplasm versus endometriosis 

The quadratic discriminant function ‘classify’ fits multivariate normal probability densities 

with covariance estimates that are stratified by class/group.  Likelihood ratios are used to assign 

observations to classes/groups.  For every discriminant combination mentioned above (total 

eight), all the combinations of the 9 fluorescence factor loadings were evaluated (total of 511 

combinations), and the sensitivity and specificity were calculated for the first five discriminant 

combinations by using the trained classifier ‘classify’ for each in vivo measurement, and 

comparing the resulting class/group with the corresponding measurement histopathological 

class/group (of the 3DEEM, Table 1) as the gold standard.   
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2.13 T-test at p<0.05 

A T-test was performed at a significance of >95% (p-value <0.05) to compare the differences 

between the means of each of the eight discriminant combinations and also to identify which of 

the nine factors play a significant role in discriminating.  Also, the factors with the lowest P 

values for each discriminant combination were then fitted to a normal distribution and plotted for 

visual inspection and to quantify the separation of the means. 

 

3 Result 

 

3.1 Risk Status and Pathology  

The CRD was used intra-operatively to perform measurements on 40 IRB-consented patients.  

The risk status of developing ovarian cancer for each patient was determined by our genetic 

counselor.  Histology slides of the biopsies of the measured sites were read by our pathologist and 

their corresponding diagnosis was recorded.  Table 1 presents the results from histology and risk 

assessment for every site that was measured, biopsied and included in the in vivo study.  These 

results were used to determine the ‘gold standard’ for identifying true/false positives and 

true/false negatives, and hence sensitivity and specificity.  Table 2 presents the number of patients 

with both ovaries diagnosed through histology as being normal or with cancer, benign neoplasm 

and endometriosis.  It also lists patients with ovaries that have more than one diagnosis.  For cross 

reference and to extract comparative/contrast information, relevant in vitro information is also 

included in both tables.  From table 1, we can see that the in vivo data has ~45% more low- to 

high-risk sample ratio over in vitro.  Also, there are ~3x more post-menopausal samples than pre- 

in the case of in vivo while the numbers are more evenly spread in the case of in vitro.  2% of the 

in vivo samples have histopathologically diagnosed cancer as compared to 10% in the case of in 
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vitro.  Also, from table 2, 1/40 patients had histopathologically diagnosed cancer over 5/49 in the 

case on in vitro. 

 

3.2 Data Exclusion 

During the course of the 40-patient in vivo measurement, a total of 229 samples were 

measured.  Of these, 23 measurements could not be used as the probe moved or slipped during 

the measurement.  Another 14 of them had to be excluded as the probe broke during measurement 

(which was the case for three patients, as mentioned in section 2.5).  There were two 

measurements that were excluded as the endoscopic light (these were laparoscopic-assisted 

procedures) was not turned off in time.  And finally, one measurement was accidentally 

performed on the fallopian tube and could not be a part of our study.  Therefore, 40 

measurements were excluded and we had 189 useable ones for the in vivo study (Table 1).  

 

3.3 CRD Power Calibration 

 Power fluctuations per hour were recorded to be 3 to 8%.  Fig. 5 plots the variation of 

recorded power by the feedback fiber for the 40 patients and presents the relative excitation 

powers.  For probe 1, which was used for clinical measurements of patients 1 through 6, the intra-

patient variation in power was 40 to 46%.  For probe 2, used for patients 7 through 14, it was 

12%.  For probe 2*, used for patients 15 through 30, it was 40 to 114%, while for probe 3 used 

for patients 31 through 40, it was 10 to 14%.  Probe 2* represents generation 2 probe that was 

fixed after it broke at the tip.  The fix involved replacing the stainless steel portion of the probe 

with a new one.  This reduced the length of the probe by 20 inches.  For this probe, the high range 

is due to a spike for patient 15 and a dip for patient 18, without which the range would have been 

within 24-50%.  Probe 1 had relatively lower output in the UVC spectral range (280nm) as 
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compared to both probe 2 and 3, and was also relatively lower than all other excitation 

wavelength’s.  From plot Fig. 5(b) it is observed that the excitation light source, in general, emits 

relatively more in the visible than in the UV.  Also, the dip seen @440nm is representative of the 

emission spectrum of the lamp (reference xenon arc_lamp).  The variation between the calibration 

factors for all excitation wavelengths, except 280nm was 12%.  Including 280nm, this goes up to 

22%.  Since power was measured for every measurement site, these variations in power were 

corrected through calibration of the data. 

 

3.4 CRD Wavelength and Spectral Calibration 

 The UV characteristics of probe 1 were relatively inferior as compared to that of probes 2 

and 3.  Fig. 6 shows how the emission collected from probe 1 (curves in (----) dashed lines) 

compare to ones from probes 2 and 3.  Overall, the probes 2 and 3 had relatively consistent 

wavelength and spectral characteristics as compared to probe 1.  For rhodamine (Figure 6(d)), 

fluorescence emission data recorded on the day of measuring patients 1 and 10 had very short 

integration time, and fluorescence emission data was not recorded accurately, and hence were not 

plotted. 

 

3.5 Number of factors 

 From the four sub-datasets for the in vivo data, when identifying the correct number of 

factors for each of them, we obtained results as shown in Table 3.  For sub-datasets 1, 2 and 3, a 

core consistency of >98.5% is obtained, each with two factors while for sub-dataset 4, a core 

consistency of 83% is obtained also with two factors.  Higher factors gave unstable models.   
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 Eight factors were also obtained for the reduced in vitro data, 2 per sub-dataset and Table 

3 summarizes the results.  As can be seen, the core consistency is ≥ 98% suggesting a good fit 

between the predicted model and the actual data. 

 

3.5 Loadings obtained from JK Analysis for In Vivo 

 The average emission and excitation loadings for the in vivo and reduced in vitro data are 

plotted in Fig. 7 (A) and (B), respectively.  The plotted loadings are the average of 189 and 247 

models, respectively, where in each model, one measurement was left out.  The standard 

deviation of the excitation loadings is <5e-3 except for data set 4 where it is <0.05.  The standard 

deviation for the emission loadings is <4e-3 except for data set 4 where it is 8.2e-3. 

 

3.6 Interpretation of factors 

 Similar to the interpretation of the factors performed for the former in vitro study (6), the 

excitation and emission loadings were qualitatively associated with spectroscopy data available to 

us from previous studies and literature (14,15).  Figures 8 presents the comparison of the 

excitation and emission loadings for the in vivo and reduced in vitro data, respectively, and show 

that they compare well with the excitation and emission spectra of known endogenous 

fluorophores. The excitation spectra are consistent with our excitation loadings except that our 

sampling is coarse and irregular compared to published data.  Furthermore, Table 4 lists them out. 

We found that the peak emission loadings of factor 1 in the case of 3DEEM compared 

closely to tyrosine (15) while that of reduced in vitro data was close to the emission of collagen 

excited at 300nm (reference: fig4b, 300nm_collagen_excitation.pdf).  Factors 2 through 8, in both 

data compared closely to the emission of beta-carotene (16), collagen type I (excited at 350nm), 

NADH pH7 (excited at 350nm), collagen excited at 420nm, collagen at excited at 370nm (380nm 
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in case of reduced in vitro data), FAD pH7 (excited at 450nm) and emission of collagen excited at 

550nm.  The dip noticeable at 415nm in the emission of NAD(P)H corresponds to hemoglobin 

absorption. Furthermore, in the case of the emission loadings, factors 1 and 3 have a peak close to 

each other where they overlap.  In fact, collagen type I emission is known to include a peak that 

might be associated with tyrosine in addition to the cross-link associated emission at 390 nm (17), 

possibly explaining the peaks in factor 2 at 310 and 385 nm. Additionally, the emission loadings 

for factors 4 and 6 are similar. Besides possible association of factor 4 with NAD(P)H, it could 

also be collagen-related, as collagen has similarities with NAD(P)H when excited between 340 

and 390 nm.  Also, in the case of excitation loadings, as also mentioned in our prior in vitro 

publication, the ones for factor 1 appear to be connected to those of factor 3 and those of factor 6 

with factor 7.   

 

3.7 Classification 

 The training measurement set for the discriminant classifier had 257 spectral 

measurements from the reduced in vitro data along with their corresponding histopathologically 

identified classes/groups and was used to classify the ‘in vitro flavored’ 3DEEM.   

For the discriminant combination normal versus cancer, all 4 cancer samples were 

correctly identified as true positives (cancer) giving a sensitivity of 100%, while 135 (out of 143) 

normal samples were correctly identified as true negatives (normal), giving a specificity of 

94.4%.  Table 5 lists the top four fluorescence factor combinations that gave similar results.  The 

majority of the factors have the excitation wavelength in the UV range between 280-370nm, 

except for factor 5 and 8 that correspond to endogenous fluorophore collagen excited at 420nm 

and 550nm, respectively.  The contributing factors that have UV excitation between 280-370nm 

are endogenous fluorophores 1 through 4, that are collagen@300nm, beta carotene, collagen type 
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I and NADH@ph7 (table 4, column 2).  Contributing factor 9 represents the overall fluorescence 

intensity (discussed in section 2.10) 

For the discriminant combination ‘not cancer’ versus cancer, all 4 cancer samples were 

also identified as true positives giving a sensitivity of 100%, while 173 (out of 185) ‘not cancer’ 

samples were correctly identified as true negatives, resulting in a specificity of 93.5% and table 5 

lists the corresponding two factor combinations. The third and fourth factor combination 

identified 171/185 ‘not cancer’ samples correctly.  In the UV excitation range collagen type I 

(factor 3) did not play a significant role.  The ‘not cancer’ group, as mentioned earlier in section 

2.12, includes samples that are histopathologically identified as normal, or having benign 

neoplasm or endometriosis.  This causes the relative decrease in specificity observed here (as 

compared to normal versus cancer) due to added variance limiting the ability of the classifier to 

discriminate them from cancer.  This is consistent with results obtained in the prior in vitro study. 

For the discriminant combination benign neoplasm/endometriosis versus cancer, all 4 

cancer samples were identified correctly (sensitivity = 100%), while 38/42 benign 

neoplasm/endometriosis samples were correctly identified (specificity = 90.47%) by using factor 

2 (beta carotene) by itself as shown as first entry in Table 5.  The following three entries in the 

column have 36, 35 and 33/42 benign neoplasm/endometriosis samples correctly identified 

resulting in 86, 83 and 79% specificity, respectively.  The factor combinations for these three 

entries include collagen@420nm, collagen@380nm and over all fluorescence intensity (factor 9). 

Results are presented in Table 6a for normal (all) samples using the discriminant 

combination low- versus high-risk for developing ovarian cancer.  Three different data sets were 

evaluated.  The first data set was reduced in vitro data that used cross correlation.    In a cross 

correlation study the training set for the classifier is created by taking one measurement out 

(which has the spectral data and the associated histopathological class/group) and then use the 
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rest of the measurements and their histopathological class/group to classify that particular 

measurement.  The top performing factor combination used all factors except factor 7 

(FAD@pH7).  The sensitivity and specificity were 84 and 59%, respectively.  Examining the 

factor combination pattern, we can see that most all the factors were selected in one combination 

or the other with FAD@pH7 being the least significant.  The second data set to be evaluated was 

cross correlated 3DEEM.  The top performing factor combination used the contribution from all 

UV excitation factors and factor 5 (collagen@420nm).  The resulting sensitivity and specificity 

were 68 and 93%, respectively.  The next factor combination replaced collagen@420nm with that 

@550nm excitation (factor 8).  The last two used factor combinations show that factor 2 (beta-

carotene) increases sensitivity by 3% and decreases specificity by 1%.  The final data set 

evaluated is the ‘in vitro flavored’ 3DEEM which uses the in vitro data as a classifier (section 

2.12).  The results show relatively similar (to both the above data sets) factor combinations with 

UV factors playing a significant role along with collagen@420nm.  However, the sensitivity and 

specificity values are in general lower than cross correlated 3DEEM and flipped with respect to 

cross correlated reduced in vitro data. 

Table 6b presents the results for the three datasets when only normal post menopausal 

samples are considered.  In the case of the first two cross correlated datasets,  the UV factors have 

relatively less contribution (than in the case of including all normal samples, Table 6a) and 

collagen excited at longer wavelengths (420, 550nm) along with FAD@pH7 have significantly 

more contribution.  In the case of ‘in vitro flavored’ 3DEEM collagen type I and over all 

fluorescence intensity play the most significant role.   

Considering only post menopausal normal samples, as seen in table 6b, the relative 

increase in performance is ~30% for cross correlated reduced in vitro dataset while is 

insignificant for the 3DEEM data cross correlated and ‘in vitro flavored’. 
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3.7 T-test at p<0.05 

 Table 7 (a, b) present the results obtained for the eight discriminant combinations at 

p<0.05.  Here, for a particular discriminant combination, the first column represents cross 

correlated reduced in vitro data, second column represents the same for in vivo (3DEEM) data.  

The third column is the 3DEEM ‘in vitro flavored’.  Results from all nine factors are listed.  An 

up/down arrow indicates an increase/decrease in fluorescence intensity for the discriminant 

combination at significance >95% (or p-value <0.05).  Also, Fig. 10 show the average calibrated 

fluorescence intensity for normal, benign neoplasm, endometriosis and cancer samples for all 

samples measured for the in vivo study. 

 In the case of discriminant combinations normal versus cancer and ‘not cancer’ versus 

cancer, factor 1 which corresponds to the endogenous fluorophore tyrosine (reduced in vitro) and 

collagen@300nm (3DEEM and 3DEEM ‘in vivo flavored’), the auto-fluorescence (AF) emission 

is relatively lower in the case of cancer samples as compared to normal/benign 

neoplasm/endometriosis.  In the case of factor 2, beta-carotene, the AF emission is relatively 

higher in cancer samples.  Fig. 10 ‘280nm excitation in vivo’ illustrates this.  In the case of factors 

3,4,5,6,7 and 9 which correspond to collagen type I, NADH@pH7, collagen@420, 

caollgen@370/380nm, FAD@ph7 and overall fluorescence intensity, respectively, the relative 

AF is lower in cancer samples.  This can also be seen in Fig. 10 for excitations >350nm. 

 In the case of discriminant combinations low- versus high-risk for all/‘post-menopausal 

only’ normal samples, excitation <350nm, in general causes a relative decrease in emitted 

fluorescence intensities in high-risk samples as compared to low-risk samples.  The primary 

contributing endogenous fluorophores are tyrosine, collagen@300nm, beta-carotene and collagen 

type I. Excitation >350nm, in general, causes an increase in the emitted fluorescence intensity.  
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The key endogenous fluorophores contributing are NADH@pH7, collagen@370/380/550nm and 

FAD@pH7.  The overall fluorescence intensity (represented by factor 9) also increases relatively 

in high-risk samples. 

 Analyzing t-test results for discriminant combinations normal versus benign 

neoplasm/endometriosis and benign neoplasm versus endometriosis, we can see that for 

excitation <350nm, samples with benign neoplasm have relatively higher fluorescence than 

normal and higher yet than endometriosis.  This can also be seen in Fig. 10 for excitations 

<350nm.  For excitation >350nm, normal samples have higher relative fluorescence as compared 

to samples with endometriosis and benign neoplasm.  The overall fluorescence intensity for 

endometriosis is lower than benign neoplasm and lower-yet than normal samples.  Fig.10 (for 

excitation >350nm) illustrates this fact. 

 Finally, in the case of discriminant combination benign neoplasm/endometriosis versus 

cancer, tyrosine and collagen@300nm have relatively lower AF emission in the case of cancer 

whereas beta-carotene has relatively higher AF emission.  This can also be seen in Fig. 10 

‘270nm excitation’.  The relative AF emission decreases for all other 7 endogenous fluorophores 

and so does the overall fluorescence intensity. 

 

4 Discussion 

 We have successfully used our clinical research device (CRD) intra-operatively to 

perform clinical measurements on 40 IRB-consented patients.  Parallel factor analysis 

(PARAFAC) was successfully applied to the measurement EEM’s and the factors extracted 

correspond to endogenous fluorophores present in the ovarian surface epithelium.  Furthermore, 

using these results and results obtained from the prior in vitro study we have investigated the use 

of the CRD for malignancy-diagnosis and risk assessment for developing ovarian cancer. 
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 As discussed in the prior in vitro study, for PARAFAC, splitting the EEM’s allowed the 

handling of missing data. Also, since PARAFAC is a linear model, the effects of scattering and 

absorption (primarily due to hemoglobin) could not be extracted. 

 Consistent with our findings in the prior in vitro study, the decrease in overall relative 

fluorescence intensity seen in Fig. 3 (b) compared to Fig. 3(a) is primarily due to a decrease in 

intrinsic collagen fluorescence (18).  Also in a study related to cervical carcinogenesis, 

remodeling of the stroma leads to structural changes in the collagen matrix, accompanied by loss 

of collagen fluorescence (19,20)  and a decrease in stromal scattering (21).  Also, a similar 

observation was made using an analogous figure in the EEM’s of a 59-year-old patient in our in 

vitro publication when the left malignant ovary was compared with the right normal one. 

 The spectral and wavelength characteristics of the four positive standards illustrated by 

Fig. 6 were measured immediately after patient measurements were completed in the operating 

room.  These characteristics were relatively noisier for the first generation probe as compared to 

the second and the third.  Although all three probes were built with utmost care, knowledge and 

experience available at the specific time, improvements were progressively included in the 

second and third generation probes based on operating room experience (which contributed to 

added robustness and ease of ergonomics for handling and use), feedback from physician (probe 

length, surgical/auxiliary light integration and measurement site annotation) and identifying 

critical interfaces in the fiber optics bundle that contributed directly to ‘out of band’ fluorescence 

suppression and back ground signal reduction.  Our CRD publication provides further details in 

these regards. 

 In vivo measurements had a relatively lower signal to noise ratio for emission collected at 

an excitation at 555nm as compared to that measured in vitro. This caused the core consistency 

for sub-dataset 4 to be relatively lower in the case of 3DEEM (Table 3).  This can also be seen in 
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Fig.7 where the relatively higher influence of blood absorption can be seen at 590nm in the case 

of 3DEEM. 

Reducing the in vitro data set by excluding five excitation wavelengths 300, 380, 460, 

510 and 530nm (section 2.11) was critical for it to be used as a training set for the classifier used 

for the 3DEEM discriminant combination analysis.  The correlation of the excitation/emission 

spectra of the extracted factors (PARAFAC) to the corresponding literature spectra values of 

endogenous fluorophores, as shown in Fig. 8, identified the underlying differences between the 

extracted factors for the two data sets.  Our laboratory collagen gel excitation emission matrix 

(EEM) (22) gave us the appropriate emission spectra for the corresponding excitation spectra. 

Reducing the in vitro data set also gave access to the cross validated sensitivity and 

specificity percentages for different discriminant combinations and compared it to equivalent 

percentages from 3DEEM (Table 5, 6a, 6b).  The UV factors play a dominant role for the 

discriminant combinations normal/‘not cancer’ versus cancer with the significance being higher 

for normal versus cancer as the variance added by benign neoplasm/endometriosis reduces the 

relative specificity (fewer true negatives).  The variance is primarily added by endometriosis as it 

has the lowest fluorescence compared to normal/benign neoplasm/cancer for all the nine 

excitation wavelengths investigated (Fig. 10).  Collagen emission is relatively lower in cancer 

samples as compared to normal/benign neoplasm.   

In older women, hence, mostly post menopausal, the fluorescence from the ovarian 

surface epithelium is lower as it is thinner and atrophic.  This causes the ovarian stromal 

fluorescence to be brighter as it becomes easier for the diagnostic light to penetrate the epithelium 

(18).  This is evident through Table 6a, b when the cross correlated in vitro data set is compared 

for ‘all’ and ‘post-menopausal only’ normal samples when relatively more true negatives are 

identified resulted in ~30% increase in specificity.  However, for the cross correlated 3DEEM 
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data set, there is no significant improvement in detecting true negatives or true positives.  This 

could be attributed to the presence of oxygenated blood in intact ovaries clinically measured in 

vivo over biopsied, laboratory measured in vitro samples that have relatively lower blood volume 

(mostly residual and stagnant) with lower relative levels of blood oxygen.  In the case of cervical 

tissue fluorescence published by Drezek et.al (18), the contribution of oxy-hemoglobin 

attenuation increases as tissue progresses from normal to abnormal.  Further angiogenesis is 

found to accompany dysplasia, leading to progressively increased micro-vessel density (23-25).  

The absorption of blood becomes more significant at excitation wavelengths >350nm.  Brewer et. 

al (26) studied the influence of an ovary removed at the time of surgery and immediately placed 

under an excitation of 350-400nm and saw areas showing strong fluorescence which seemed to 

originate from collagen structures with blood vessels showing areas of reduced fluorescence in 

the surrounding area.  The absorption peak of oxygenated blood is located at 415nm while that of 

de-oxygenated blood is located at 432nm (27).  One way to extract the contribution of 

hemoglobin absorption in the future could be to investigate the influence of reflectance data 

collected for every patient measurement site. 

The t-test at 95% significance was instrumental in re-confirming what factors played an 

important role in discriminant factor combinations.  For malignancy diagnosis, UV factors 

consistently showed significance in separating the means in the two separate data sets and also in 

‘in vitro flavored’ in vivo data.   For risk assessment, factors with excitation > 350nm played a 

significant role. 

Considering the practical limitations and complexity in an operating room setup that is 

designed exclusively for surgeries and emergency medicine, limitations in human ergonomics in 

handling the fiber optic probe securely over the duration of a measurement, and measuring 

multiple sites over a clinical trial; we have important and promising results that could be useful 
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and economical in women at increased risk of developing ovarian cancer and might determine the 

ideal time to undergo an oophorectomy. 
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Tables and Figures 

 

 
Table 1.  Histopathology Diagnosis for In Vitro and In Vivo Samples. 

 

Categories In vitro In vivo 

Normal
a
 184 143 

Low Risk 90 59 

High Risk 90 41 

Pre-Menopause 115 39 

Peri-Menopause
b
 15 15 

Post-Menopause 108 135 

Normal & Premenopausal 102 27 

Normal & Postmenopausal 71 110 

Benign Neoplasm
c
 8 37 

Endometriosis 10 5 

Not Cancer (Benign 

neoplasm, normal and 

endometriosis) 

202 185 

Cancer 25 4 

Total Samples 257 189 
a
 Normal includes samples that were pathologically classified as: no malignancy and atrophy of 

ovary 
b
 Peri-menopause is the period during which the transition from regular ovarian cycles to 

complete cessation of menstruation takes place. Absence of menses for 12 or more months 

denotes menopause (ref_Perimen) 
c
 Benign Neoplasm includes samples that were pathologically classified as: benign neoplasm, 

benign cyst, benign serous cyst, serous cystadenoma, benign mucinous glands and cystic 

teratoma. 
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Table 2. In Vitro and In Vivo Patient Histopathology Diagnosis  

 

 
Diagnosis 

Patients 

 In Vitro In Vivo 

I Both ovaries all sites ‘same diagnosis’   

 Normal 37
a
 22

e
 

 Cancer 5
b
 1 

 Benign Neoplasm 0 1 

 Endometriosis 1 2
f
 

II Both ovaries (all sites included) ‘diverse diagnosis’ 

 Normal/Benign Neoplasm 1 3 

 Normal/Endometriosis 1 0 

 Normal/Cancer 1 0 

III Intra-ovary ‘diverse diagnosis’   

 Normal/Endometriosis 2
c
 1

g
 

 Normal/Benign Neoplasm 0 10
h
 

 Normal/Cancer 1
 d
 0 

 Endometriosis/Cancer 1
d
 0 

Total 49  40 
a
12 patients had only one ovary. 

c
 Only 1 ovary present. 

b
 3 patients had only 1 ovary 

d
 Same patient 

e
 2 patients (out of 20) had only 1 ovary. 

f
 Both patients had only 1 ovary. 

g
 Only 1 ovary present. 

h
 1 patient (out of 10) had only 1 ovary. 

 

 

Table: 3 

 Reduced In Vitro In Vivo 

Sub-Dataset Core Consistency (in %) 

1 99.99 99.90 

2 99.99 98.75 

3 98.19 99.99 

4 99.51 83.07 
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Table 4. 

Factor In Vitro In Vivo 

 Data set 1 

F1 Tyrosine Collagen@300nm 

F2 Beta-carotene Beta-carotene 

 Data set 2 

F3 Collagen Type I Collagen Type I 

F4 NADH@pH7 NADH@pH7 

 Data set 3 

F5 Collagen@420nm Collagen@420nm 

F6 Collagen@370nm Collagen@380nm 

 Data set 4 

F7 FAD@pH7 FAD@pH7 

F8 Collagen@550nm Collagen@550nm 
 
 

 

 

 

 

 

 

 

 

 

 

Table 5 
Data Set: 3DEEM ‘in vitro flavored’  

Discriminant 

Combination  

Factor Combination  

1 2 3 4 5 6 7 8 9 SN SP Perf 

Normal  

Vs 

Cancer 

         4/4 0.94 1.94 

         4/4 0.94 1.94 
         4/4 0.94 1.94 
         4/4 0.94 1.94 

Not Cancer 

Vs 

Cancer 

         4/4 0.93 1.93 

         4/4 0.93 1.93 

         4/4 0.92 1.92 

         4/4 0.92 1.92 

Benign 

Neoplasm/ 

Endometriosis 

Vs Cancer 

         4/4 0.90 1.90 

         4/4 0.86 1.86 

         4/4 0.83 1.83 

         4/4 0.79 1.79 
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Table 6a. 
Discriminant Combination: Low- Vs High-Risk  

(All Normal Samples) 

Data Set 
Factor Combination 

SN SP Perf 
1 2 3 4 5 6 7 8 9 

Reduced In Vitro 

(Cross Correlation) 

         0.84 0.59 1.43 

         0.81 0.58 1.39 

         0.81 0.57 1.38 

         0.81 0.57 1.38 

3DEEM 

(Cross Correlation) 

         0.68 0.93 1.61 

         0.68 0.92 1.60 

         0.71 0.88 1.59 

         0.68 0.90 1.58 

3DEEM  

‘in vitro flavored’ 

         0.41 0.95 1.36 

         0.37 0.98 1.35 

         0.37 0.98 1.35 

         0.41 0.92 1.33 

 

 

 

Table 6b. 

Discriminant Combination: Low- Vs High-Risk  

(Post Menopausal Normal Samples Only) ∆ 

Performance* 
Data Set 

Factor Combination 
SN SP Performance 

1 2 3 4 5 6 7 8 9 

Reduced In Vitro 

(Cross Correlation) 

         0.83 0.87 1.70 0.27 

         0.83 0.84 1.67 0.28 

         0.74 0.91 1.65 0.27 

         0.74 0.89 1.63 0.25 

3DEEM 

(Cross Correlation) 

         0.70 0.86 1.56 -0.05 

         0.68 0.88 1.56 -0.04 

         0.68 0.88 1.56 -0.03 

         0.65 0.90 1.55 -0.03 

3DEEM  

‘in vitro flavored’ 

         0.49 0.81 1.30 -0.06 

         0.35 0.93 1.28 -0.07 

         0.27 0.98 1.25 -0.1 

         0.38 0.86 1.24 -0.09 
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Table 7a. P Values Obtained From T-Test 

 

F 

Normal 

Vs. 

Cancer 

Not Cancer 

Vs. 

Cancer 

Low 

Vs. 

High Risk (all normal) 

Low 

Vs. 

High Risk (normal post-menopausal) 

Reduced  

In Vitro 
3DEEM 

3DEEM ‘in 

vitro 

flavored’ 

Reduced  

In Vitro 
3DEEM 

3DEEM ‘in 

vitro 

flavored’ 

Reduced  

In Vitro 
3DEEM 

3DEEM ‘in 

vitro 

flavored’ 

Reduced  

In Vitro 
3DEEM 

3DEEM ‘in 

vitro 

flavored’ 

1 <0.001 ↓a <0.001 ↓ <0.001 ↓ <0.001 ↓ <0.001 ↓ <0.001 ↓ <0.4 - <0.001 ↓ <0.03 ↓ <0.05 ↓ <0.005 ↓ <0.09 ↓ 

2 <0.001 ↑ <0.001 ↑ <0.001 ↑ <0.001 ↑ <0.001 ↑ <0.001 ↑ <0.4 - <0.6 - <0.001 ↓ <0.05 ↑ <0.5 - <0.002 ↓ 

3 <0.001 ↓ <0.005 ↓ <0.005 ↓ <0.001 ↓ <0.005 ↓ <0.008 ↓ <0.8 - <0.02 ↓ <0.002 ↓ <0.001 ↓ <0.05 ↓ <0.02 ↓ 

4 <0.001 ↓ <0.005 ↓ <0.001 ↓ <0.001 ↓ <0.02 ↓ <0.003 ↓ <0.4 - <0.02 ↑ <0.002 ↑ <0.4 - <0.05 ↑ <0.05 ↑ 
5 <0.001 ↓ <0.001 ↓ <0.001 ↓ <0.001 ↓ <0.001 ↓ <0.001 ↓ <1 - <0.001 ↑ <0.001 ↑ <0.4 - <0.002 ↑ <0.004 ↑ 
6 <0.001 ↓ <0.001 ↓ <0.001 ↓ <0.001 ↓ <0.001 ↓ <0.001 ↓ <0.2 - <0.05 ↑ <0.03 ↑ <0.6 - <0.06 - <0.04 ↑ 
7 <0.001 ↓ <1 - <1 - <0.001 ↓ <0.9 - <0.9 - <0.3 - <0.02 ↑ <0.003 ↑ <1 - <0.02 - <0.008 ↑ 
8 <0.6 - <1 - <1 - <0.4 - <0.8 - <0.9 - <0.3 - <0.001 ↑ <0.002 ↑ <0.6 - <0.001 ↑ <0.003 ↑ 
9 <0.001 ↓ <0.5 - <0.3 - <0.001 ↓ <0.3 - <0.3 - <0.06 - <0.8 - <0.2 - <0.4 - <0.3 - <0.03 ↑ 

a Increase (↑) or decrease (↓) in fluorescence intensity for the second group compared to the first and only shown for P values <0.05. 

 

Table 7b.  

 

F 

Normal 

Vs. 

Endometriosis 

Normal  

Vs. 

Benign Neoplasm 

Benign Neoplasm 

Vs. 

Endometriosis 

Benign Neoplasm or Endometriosis 

Vs. 

Cancer 

Reduced  

In Vitro 
3DEEM 

3DEEM ‘in 

vitro flavored’ 

Reduced  

In Vitro 
3DEEM 

3DEEM ‘in 

vitro 

flavored’ 

Reduced  

In Vitro 
3DEEM 

3DEEM ‘in 

vitro 

flavored’ 

Reduced  

In Vitro 
3DEEM 

3DEEM ‘in 

vitro 

flavored’ 

1 <0.002 ↓ <0.8 - <0.7 - <0.001 ↓ <0.02 ↑ <0.2 - <0.02 ↓ <1 - <0.9 - <0.1 ↑ <0.002 ↑ <0.005 ↓ 

2 <0.001 ↑ <0.06 - <0.05 ↑ <0.003 ↑ <0.2 - <0.2 - <0.1 - <0.2 - <0.2 - <0.07 ↓ <0.001 ↓ <0.005 ↑ 

3 <0.002 ↓ <0.4 - <0.4 - <0.002 ↓ <0.02 ↑ <0.02 ↑ <0.5 - <0.7 - <0.6 - <0.03 ↓ <0.01 ↓ <0.02 ↓ 
4 <0.001 ↓ <0.001 ↓ <0.001 ↓ <0.002 ↓ <0.001 ↓ <0.001 ↓ <0.2 - <0.005 ↓ <0.005 ↓ <0.9 - <0.2 - <0.04 ↓ 
5 <0.001 ↓ <0.001 ↓ <0.001 ↓ <0.001 ↓ <0.001 ↓ <0.001 ↓ <1 - <0.4 - <0.06 - <0.3 - <0.05 - <0.05 ↓ 
6 <0.001 ↓ <0.001 ↓ <0.001 ↓ <0.001 ↓ <0.001 ↓ <0.001 ↓ <0.4 - <0.03 ↓ <0.04 ↓ <0.5 - <0.01 ↓ <0.001 ↓ 
7 <0.4 - <0.001 ↓ <0.03 ↓ <0.001 ↓ <0.001 ↓ <0.001 ↓ <0.2 - <0.03 ↓ <0.05 ↓ <0.4 - <0.5 - <0.5 - 

8 <0.1 - <0.003 ↓ <0.009 ↓ <0.001 ↑ <0.001 ↓ <0.001 ↓ <0.05 ↑ <0.5 - <0.7 - <0.2 - <0.5 - <0.4 - 

9 <0.002 ↓ <0.9 - <0.9 - <0.9 - <0.4 - <0.4 - <0..001 ↓ <0.5 - <0.5 - <0.3 - <0.08 - <0.08 ↓ 
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Figures: 

 

 
Fig.1. Schematic illustrating the use of the clinical research device (CRD) in an operating 

room setup.  The CRD is to the right.  A fiber optic probe interfaces the CRD with a 

human ovary.  The gross anatomy seen through an endoscope is visible on the screen. 
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Fig.2. Illustration of the spectroscopic system used in the CRD.  A Xenon arc lamp is 

used as an excitation light source coupled to a fiber optic probe through an excitation 

filter wheel (ExFW).  There are nine bandpass filters used for fluorescence measurements 

and one longpass filter used for reflectance measurements.  The fiber optic probe directs 

the excitation light to the ovary in contact and collects the emitted light consisting of 

fluorescence and reflectance from the ovary and delivers it to a diffraction-grating based 

spectrometer that has an imaging CCD camera.  The reflectance collected is filtered using 

a emission filter wheel (EmFW). 
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Figure 3.  Calibrated normal and cancer excitation-emission matrices (EEM’s). Vertical 

axis is the excitation light or input to the ovarian biopsy while the horizontal axis 

represents the emission or the light detected.  The matrix represents fluorescence 

intensity data at the measured site for (A) a site on the ovary that is normal, and (B) that 

has cancer.  The contour map represents lines of equal intensity. One can appreciate 

multiple fluorophores or factors to this map with peaks qualitatively corresponding to 

fluorescence maximums and valleys corresponding to low fluorescence or absorption. 

 

 

 
Fig.4. Schematic illustrating the sequence of operations involved with the CRD.  

Excitation light from the light source is passed an excitation filter and coupled into a 

conducting system (fiberoptic probe) and coupled in direct contact with the ovary under 

surgery. Emission from the surface of the ovary will be fluorescence with background 

signal and reflected light. The emission is carried back by the fiber optic bundle into a 

recording device and processed for meaningful interpretation. 
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Fig.5. Fiber optic probe power calibration. (A) Shows the fluctuations of the measured 

power over the duration of the in vivo clinical trial with 40 patients. (B) Shows the 

relative power emitted by the Xenon lamp source over the excitation wavelengths. 
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Figure6. Spectral and wavelength characteristics: Average calibrated emission measured 

during the course of the 40-patient in-vivo clinical trial, from the four positive 

fluoresenece standards (a) p-terphenyl, (b) tetraphenyl butadiene, (c) fluorescein and (d) 

rhodamine are presented here.  The curves with (----) line represent fluorescense emission 

collected using probe 1.  The solid curves represent emission collected from the other two 

probes.  For (a) the solid curve that does not follow the rest was collected for patient 26, 

while in (d) the solid curve that looks noisy is from patient 9.  Noise was introduced 

during data acquisition.   
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Fig. 7. Average in vitro and in vivo emission factors from Jack-knife analysis.  The first 

four plots (plots (1,1), (1,2), (2,1) and (2,2)) represent emission spectra for factors 1 

through 8, while the other represent the corresponding excitation spectra for them.  Each 

figure here represents two factors obtained from every dataset.  Since there are four 

datasets, there are eight factors.  Each factor has an emission and excitation spectra.  

There are a total of 189 measurements.  Each factor has a loading associated with it that 

signifies its role in the total model.  Therefore, there are a total of 189 loadings (equals 

the number of measurement).  The dips that we see in figures (1,2) and (2,2) at 415nm 

and 560nm, respectively, are due to hemoglobin absorption. 
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Figure 8. Factor loadings compared to proposed fluorophores for reduced in vitro (upper) 

and 3DEEM (lower).  In both cases, a: average exciatation and (b) emission loadings 

from jackknife analysis, and (c) emissions of known endogenous fluorophores over 

comparable excitation ranges. 
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Figure 9. Comparing average calibrated fluorescence emission for in vivo and reduced in 

vitro samples histopathologically disgnosed as being normal, or having benign neoplasm, 

cancer or endometriosis over nine excitation wavlengths that cover the range of 

endogenous fluorephore excitation.  The left column is for in vivo samples while the right 

column is reduced in vitro samples.   
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APPENDIX D 

PARALLEL FACTOR ANALYSIS: 

Fluorescence data collected is large as compared to the number of individual signal 

contributors, so it is important to reduce the dimensionality of the generated data so that a 

classification algorithm can be applied.  Of the several methods available, we use Parallel 

Factor Analysis (PARAFAC) analysis that provides a simple model with true underlying 

factors.  It does not suffer from factor rotation problem; a problem in principle 

component analysis software, and allows the decomposition of the fluorescence 

excitation emission matrix giving the underlying factors.  Each factor represents an 

endogenous fluorophore and has an excitation and an emission spectrum.   

 Since each fluorescence measurement performed has an excitation and emission 

dimension, each factor computed by PARAFAC will also have the corresponding two 

dimensions.  These dimensions are the excitation and emission spectra.  Each 

measurement will also have the associated loadings corresponding to the excitation and 

emission spectra.  These loadings directly relate to the importance of the measurement in 

terms of the relevance of the factors computed.  This can be represented as follows: 

M_1 = (Loading1*F1_Em)*(Loading2*F1_Ex)                                                               (1) 

Here Loading1 and Loading2 are the loadings of the emission and excitation spectra of 

factor 1 (F1_Em and F1_Ex, respectively).  M_1 corresponds to fluorescence 

measurement 1.  Also, a detailed explanation is given in Appendix C, section 2.9. 
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APPENDIX E 

PACKAGING EVOLUTION OF THE FIBER OPTIC PROBE 
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APPENDIX F 

CLINICAL STUDY PICTURES 

 

 
Figure 1: Operating room sterile fiber optic probe installation. The physician is 

assembling the sterile fiber optic probe that will be used in the patient’s body via a trocar-

port. 

 

 
Figure 2: In vivo fluorescence spectroscopy measurement of the ovary. The fiber optic 

probe is seen near the malignant-looking ovary while the normal-looking ovary can be 

seen to the right. 
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Figure 3: Clinical research device (CRD) used in the operating room for the 40-patient in 

vivo study. 
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APPENDIX G 

CALIBRATION FACTORS 
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APPENDIX H 

IN VIVO PATIENTS 
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APPENDIX I 

IN VITRO PATIENTS 
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APPENDIX J 

IN VIVO PATHOLOGY RESULTS 

# 
Pt 

K# 

Database_ID   Pathology 

ID Site Ovary 
Dr. J.R. Davis's 

Assesment 
Gross Pathology 

Assignment (Keeping 

Dr. Davis's comments 

and replacing NA 

with Gross Pathology) 

Classification after 

consulting Dr. Brewer 

into four main 

categories: Normal, 

Cancer, 

Endometriosis and 

Benign Neoplasm 

1 370 

219 

A 

Left 

NA Normal Normal Normal 

B NA Normal Normal Normal 

C NA Normal Normal Normal 

220 

A 

Right 

NA Normal Normal Normal 

B NA Normal Normal Normal 

C NA Normal Normal Normal 

D NA Normal Normal Normal 

2 371 

221 

A 

Left 

NA Atrophy of Ovary Atrophy of Ovary Normal 

B NA Atrophy of Ovary Atrophy of Ovary Normal 

C NA Atrophy of Ovary Atrophy of Ovary Normal 

222 

A 

Right 

NA Atrophy of Ovary Atrophy of Ovary Normal 

B NA Atrophy of Ovary Atrophy of Ovary Normal 

C NA Atrophy of Ovary Atrophy of Ovary Normal 

3 375 

267 

A 

Left 

NA Normal Normal Normal 

B NA Normal Normal Normal 

C NA Normal Normal Normal 

268 

A 

Right 

NA Benign Cyst Benign Cyst Benign Neoplasm 

B NA Benign Cyst Benign Cyst Benign Neoplasm 

C NA Benign Cyst Benign Cyst Benign Neoplasm 

4 382 

278 

B 

Left 

Normal Normal Normal Normal 

C Normal Normal Normal Normal 

D Normal Normal Normal Normal 

279 

A 

Right 

Normal Normal Normal Normal 

B Normal Normal Normal Normal 

C Normal Normal Normal Normal 

D Normal Normal Normal Normal 

E Normal Normal Normal Normal 

5 385 232 

A 

Left 

Normal Normal Normal Normal 

B Normal Normal Normal Normal 

C Normal Normal Normal Normal 



 

187 

235 

A 

Right 

Normal Normal Normal Normal 

B Normal Normal Normal Normal 

C Normal Normal Normal Normal 

D Normal Normal Normal Normal 

6 388 

325 

A 

Right 

NA Normal Normal Normal 

B NA Normal Normal Normal 

C NA Normal Normal Normal 

D NA Normal Normal Normal 

326 

A 

Left 

NA Normal Normal Normal 

B NA Normal Normal Normal 

C NA Normal Normal Normal 

D NA Normal Normal Normal 

E NA Normal Normal Normal 

7 396 

334 

A 

Left 

Normal Normal Normal Normal 

B Normal Normal Normal Normal 

C Normal Normal Normal Normal 

D Normal Normal Normal Normal 

335 

A 

Right 

Normal Normal Normal Normal 

B Normal Normal Normal Normal 

C Normal Normal Normal Normal 

D Normal Normal Normal Normal 

8 401 

339 A Left Normal Benign Cyst Normal Normal 

342 

A 

Right 

Normal Benign Cyst Normal Normal 

B 
Corpus luteal 

Cyst 
Benign Cyst Corpus luteal Cyst Benign Neoplasm 

9 402 

343 

A 

Right 

Normal Normal Normal Normal 

B Normal Normal Normal Normal 

C Normal Normal Normal Normal 

344 A Left Normal Benign Cyst Normal Normal 

10 403 

345 

A 

Right 

Normal Normal Normal Normal 

B Normal Normal Normal Normal 

C Normal Normal Normal Normal 

346 

A 

Left 

Normal Normal Normal Normal 

B Cyst Normal Cyst Benign Neoplasm 

C Normal Normal Normal Normal 

11 405 352 

A 

Right 

Normal Endometriosis Normal Normal 

B Normal Endometriosis Normal Normal 

C NA Endometriosis Endometriosis Endometriosis 



 

188 

12 406 

230 

A 

Right 

Cystic Follicle Benign Cyst Cystic Follicle Benign Neoplasm 

B Cystic Follicle Benign Cyst Cystic Follicle Benign Neoplasm 

C NA Benign Cyst Benign Cyst Benign Neoplasm 

434 

A 

Left 

Cystic Follicle Benign Cyst Cystic Follicle Benign Neoplasm 

B Nomal Benign Cyst Nomal Nomal 

C Cystic Follicle Benign Cyst Cystic Follicle Benign Neoplasm 

13 408 

355 

A 

Right 

NA 
Benign Mucinous 

Glands 

Benign Mucinous 

Glands 
Benign Neoplasm 

B NA 
Benign Mucinous 

Glands 

Benign Mucinous 

Glands 
Benign Neoplasm 

C NA 
Benign Mucinous 

Glands 

Benign Mucinous 

Glands 
Benign Neoplasm 

435 

A 

Left 

Normal Benign Serous Cyst Normal Normal 

B Normal Benign Serous Cyst Normal Normal 

14 409 

357 

A 

Right 

Normal Normal Normal Normal 

B Normal Normal Normal Normal 

C NA Normal Normal Normal 

436 

A 

Left 

Normal Benign Cyst Normal Normal 

B NA Benign Cyst Benign Cyst Benign Neoplasm 

C Normal Benign Cyst Normal Normal 

15 420 

372 

A 

Left 

Benign Cyst Benign Cyst Benign Cyst Benign Neoplasm 

B Normal Benign Cyst Normal Normal 

C Normal Benign Cyst Normal Normal 

D Normal Benign Cyst Normal Normal 

373 

A 

Right 

Normal Normal Normal Normal 

B Normal Normal Normal Normal 

C Normal Normal Normal Normal 

16 428 437 

A 

Right 

NA 
Benign 

Endometriosis 
Benign Endometriosis  Endometriosis 

B NA 
Benign 

Endometriosis 
Benign Endometriosis Endometriosis 

C NA 
Benign 

Endometriosis 
Benign Endometriosis Endometriosis 

17 426 

295 

A 

Left 

NA 
Serous 

Cystadenoma 
Serous Cystadenoma Benign Neoplasm 

B NA 
Serous 

Cystadenoma 
Serous Cystadenoma Benign Neoplasm 

C NA 
Serous 

Cystadenoma 
Serous Cystadenoma Benign Neoplasm 

D NA 
Serous 

Cystadenoma 
Serous Cystadenoma Benign Neoplasm 

378 

A 

Right 

Endosalpingiosis 

of the ovary 
Benign Serous Cyst 

Endosalpingiosis of the 

ovary 
Benign Neoplasm 

B 
Endosalpingiosis 

of the ovary 
Benign Serous Cyst 

Endosalpingiosis of the 

ovary 
Benign Neoplasm 

18 432 298 

A 

Right 

Normal Normal Normal Normal 

B Normal Normal Normal Normal 

C Normal Normal Normal Normal 



 

189 

D NA Normal Normal Normal 

299 

A 

Left 

Normal Benign Serous Cyst Normal Normal 

B Normal Benign Serous Cyst Normal Normal 

C Normal Benign Serous Cyst Normal Normal 

D Normal Benign Serous Cyst Normal Normal 

19 441 

303 

A 

Right 

Normal Benign Neoplasm Normal Normal 

B Normal Benign Neoplasm Normal Normal 

C Normal Benign Neoplasm Normal Normal 

D NA Benign Neoplasm Benign Neoplasm Benign Neoplasm 

390 

A 

Left 

Normal 
Serous 

Cystadenoma 
Normal Normal 

B Normal 
Serous 

Cystadenoma 
Normal Normal 

C Normal 
Serous 

Cystadenoma 
Normal Normal 

20 453 

404 

A 

Left 

Normal Atrophy of Ovary Normal Normal 

B Normal Atrophy of Ovary Normal Normal 

405 A Right Normal Atrophy of Ovary Normal Normal 

21 455 

408 

A 

Right 

Normal Endometriosis Normal Normal 

B Normal Endometriosis Normal Normal 

C Normal Endometriosis Normal Normal 

D Normal Endometriosis Normal Normal 

409 

A 

Left 

Normal Endometriosis Normal Normal 

B Normal Endometriosis Normal Normal 

C Normal Endometriosis Normal Normal 

D Normal Endometriosis Normal Normal 

22 457 

410 

A 

Left 

Normal Normal Normal Normal 

B Normal Normal Normal Normal 

C Normal Normal Normal Normal 

411 

A 

Right 

Normal Normal Normal Normal 

B Normal Normal Normal Normal 

C Normal Normal Normal Normal 

23 460 

412 

A 

Right 

Normal Atrophy of Ovary Normal Normal 

B Normal Atrophy of Ovary Normal Normal 

C Normal Atrophy of Ovary Normal Normal 

D Normal Atrophy of Ovary Normal Normal 

413 

A 

Left 

Normal Atrophy of Ovary Normal Normal 

B Normal Atrophy of Ovary Normal Normal 

C Normal Atrophy of Ovary Normal Normal 

D Normal Atrophy of Ovary Normal Normal 
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24 462 

416 

A 

Left 

Normal Atrophy of Ovary Normal Normal 

B Normal Atrophy of Ovary Normal Normal 

C NA Atrophy of Ovary Atrophy of Ovary Normal 

417 

A 

Right 

Normal Atrophy of Ovary Normal Normal 

B Normal Atrophy of Ovary Normal Normal 

25 463 

418 

A 

Right 

Normal Normal Normal Normal 

B Normal Normal Normal Normal 

C Normal Normal Normal Normal 

419 

A 

Left 

Normal Normal Normal Normal 

B Normal Normal Normal Normal 

C Normal Normal Normal Normal 

26 464 

318 

A 

Left 

Normal Normal Normal Normal 

B Normal Normal Normal Normal 

459 

A 

Right 

NA Normal Normal Normal 

B NA Normal Normal Normal 

C NA Normal Normal Normal 

D NA Normal Normal Normal 

27 469 425 

A 

Left 

Normal Benign Cyst Normal Normal 

B Normal Benign Cyst Normal Normal 

C Normal Benign Cyst Normal Normal 

28 470 

427 

A 

Right 

NA Normal Normal Normal 

B Normal Normal Normal Normal 

428 

A 

Left 

Normal Endometriosis Normal Normal 

B Normal Endometriosis Normal Normal 

29 473 

429 

A 

Left 

Benign 

Neoplasm 
Benign Neoplasm Benign Neoplasm Benign Neoplasm 

B 
Benign 

Neoplasm 
Benign Neoplasm Benign Neoplasm Benign Neoplasm 

C 
Benign 

Neoplasm 
Benign Neoplasm Benign Neoplasm Benign Neoplasm 

430 

A 

Right 

Normal 
Serous 

Cystadenoma 
Normal Normal 

B Normal 
Serous 

Cystadenoma 
Normal Normal 

C Normal 
Serous 

Cystadenoma 
Normal Normal 

D Normal 
Serous 

Cystadenoma 
Normal Normal 

30 474 431 A Right Normal Benign Neoplasm Normal Normal 

31 483 440 

A 

Left 

Normal 
Benign Neoplasm 

Normal Normal 

B 
Benign 

Neoplasm 
Benign Neoplasm Benign Neoplasm Benign Neoplasm 

C 
Benign 

Neoplasm 
Benign Neoplasm Benign Neoplasm Benign Neoplasm 

D 
Benign 

Neoplasm 
Benign Neoplasm Benign Neoplasm Benign Neoplasm 

E 
Benign 

Neoplasm 
Benign Neoplasm Benign Neoplasm Benign Neoplasm 
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32 484 

441 

A 

Right 

Normal Benign Neoplasm Normal Normal 

B Normal Benign Neoplasm Normal Normal 

442 

A 

Left 
Normal 

Benign Neoplasm 
Normal Normal 

B 
Benign 

Neoplasm 
Benign Neoplasm 

Benign Neoplasm Benign Neoplasm 

33 481 

438 

A 

Right 

NA Cancer Cancer Cancer 

B NA Cancer Cancer Cancer 

439 

A 

Left 

NA Cancer Cancer Cancer 

B NA Cancer Cancer Cancer 

34 485 

443 

A 

Right 

Normal Normal Normal Normal 

B Normal Normal Normal Normal 

C Normal Normal Normal Normal 

444 

A 

Left 

Normal Normal Normal Normal 

B Normal Normal Normal Normal 

C Normal Normal Normal Normal 

35 486 

445 

A 

Right 

Normal Benign Neoplasm Normal Normal 

B Normal Benign Neoplasm Normal Normal 

C Normal Benign Neoplasm Normal Normal 

446 

A 

Left 

Normal Benign Neoplasm Normal Normal 

B Normal Benign Neoplasm Normal Normal 

36 488 449 

A 

Right 

NA Endometriosis Endometriosis Endometriosis 

B NA Endometriosis Endometriosis Endometriosis 

37 490 452 

A 

Left 

Normal Benign Neoplasm Normal Normal 

B Normal Benign Neoplasm Normal Normal 

C Normal Benign Neoplasm Normal Normal 

38 491 

453 

A 

Right 

NA Normal Normal Normal 

B NA Normal Normal Normal 

C NA Normal Normal Normal 

454 

A 

Left 

NA Normal Normal Normal 

B NA Normal Normal Normal 

C NA Normal Normal Normal 

39 493 

455 

A 

Right 

Benign Cyst Cystic Teratoma Benign Cyst Benign Neoplasm 

B Benign Cyst Cystic Teratoma Benign Cyst Benign Neoplasm 

C Normal Cystic Teratoma Normal Normal 

D Normal Cystic Teratoma Normal Normal 

456 

A 

Left 

Normal Cystic Teratoma Normal Normal 

B Benign Cyst Cystic Teratoma Benign Cyst Benign Neoplasm 

40 494 457 A Right Normal Benign Neoplasm Normal Normal 
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B Benign Cyst Benign Neoplasm Benign Cyst Benign Neoplasm 

C 
Benign 

Neoplasm 
Benign Neoplasm Benign Neoplasm Benign Neoplasm 

D 
Benign 

Neoplasm 
Benign Neoplasm Benign Neoplasm Benign Neoplasm 

458 

A 

Left 

Benign 

Neoplasm 
Benign Neoplasm Benign Neoplasm Benign Neoplasm 

B 
Benign 

Neoplasm 
Benign Neoplasm Benign Neoplasm Benign Neoplasm 

C 
Benign 

Neoplasm 
Benign Neoplasm Benign Neoplasm Benign Neoplasm 

Based on Dr. Molly Brewer's assessment and recommendation we have the following 

four categories: Normal, Cancer, Benign Neoplasm and Endometriosis. Normal includes 

the following diagnoses: 'normal', 'atrophy' and 'atrophy of the ovary'. Cancer includes the 

following diagnoses 'cancer' and 'metastatic cancer'.  Benign Neoplasm includes the 

following diagnoses: 'benign neoplasm', 'benign cyst', 'benign serous cyst', 'serous 

cystadenoma', 'adenofibroma', 'benign mucinous glands' and 'cystic teratoma'.  

Endometrious includes the following diagnoses: 'benign endometrioisis', 'endometriosis' 

and 'benign endometriotic cyst'.  The following diagnosis were not encountered: 'serous 

adenofibroma', 'serous adenocarcinoma', 'adneomatoid tumor'.  Their definitions need to 

be confirmed and a physician should be consulted for placing them in one of the four 

above mentioned categories. 
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APPENDIX K 

TISSUE REMOVAL AND PREPARATION 
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APPENDIX L 

PROTOCOL FOR TISSUE SLICING, STAINING, AND STORAGE FOR 02-113 

STUDY ‘EVALUATION OF THE OVARY: AN IN VIVO PILOT STUDY’ 
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APPENDIX M 

PROTOCOL FOR STERILIZING AND LOADING THE DYE DELIVERY SYSTEM 

FOR CLINICAL USE 

 

1. Cut 12 feet tubing and clean with ethanol, then blow dry, (optical grade dust can) 

 

2. Attach male and female parts to either ends 

3. Loop this tubing with the probe for about 7 to 9 feet using special wrap and the 

front end with velcro. 

 

4. Leave about 21 inches of the tubing off the probe cable at the male end. 

5. Pack this combination in the sterilization tray and give it to sterilization. 

6. Once in the O.R., ask the scrubbed nurse to load up a sterile plastic syringe with 

methylene blue.  Knock the air bubbles in syringe out. 

 

7. Connect the male end to the hypodermic syringe needle and connect the female 

part to the plastic syringe and give to the operator (e.g. Ronie). Leave about 3 feet 

of dye delivery cable clearance. 

 

8. Mount the syringe on the pump and pump down until you squirt some amount out 

from the hypodermic needle tip on to a cloth (provide). 

 

9. Ask the nurse to insert the needle into the port on the probe. 

 

 

10. The Probe is now ready for use. 

 

Needle-dye delivering 07/10/07 

Ronie George 

Jose I. Padilla 
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APPENDIX N 

CLINICAL RESEARCH DEVICE FOR OPTICAL SPECTROSCOPY AND 

MULTISPECTRAL IMAGING OF OVARIAN CANCER AT UNIVERSITY 

MEDICAL CENTER, UNIVERSITY OF ARIZONA 

 

 
 

 

 

 

 

 

 

 

 

 



 

197 

APPENDIX O 

HEMATOXYLIN AND EOSIN STAINING PROTOCOL FOLLOWED  

 

H & E Staining for Paraffin Slides 

 

- At least 30 minutes in 60 C oven 

 

- 10 minutes in xylene 

- 10 minutes in xylene 

- 25 dips in 100% ETOH 

- 25 dips in 100% ETOH 

- 25 dips in 95% ETOH 

- 25 dips in 95% ETOH 

- 25 dips in 80% ETOH 

 

- Rinse in tap water for 30 seconds 

 

- 5 minutes in hematoxylin * Begin here if staining frozen section slides (after fixing in 

cold acetone) 

 

- Rinse in tap water for 30 seconds 

 

- Quickly dip in 1% acid alcohol 

 

- Rinse in tap water for 30 seconds 

 

- 45 seconds in ammonia water (don’t dip) 

 

- Rinse in tap water for 5 minutes.  Don’t shorten this step 

 

- 45 seconds in eosin 

 

- 2 dips in 95% ETOH 

- 2 dips in 100% ETOH 

- 2 dips in 100% ETOH 

- Clear in toluene 

- Clear in xylene 

- Clear in xylene 

 

- Coverslip (don’t let the slides dry while coverslipping) 

 

By Jennifer Davenport 06-22-07 
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APPENDIX P 

CLINICAL RESEARCH DEVICE’S ELECTRICAL SAFETY EVALUATION 
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APPENDIX Q 

SUMMARY OF CLEANING PROCEDURE FOR THE CLINICAL RESEARCH 

DEVICE (CRD) USED FOR OPTICAL SPECTROSCOPY AND MULTISPECTRAL 

IMAGING OF OVARIAN CANCER AT THE LABORATORY FOR TISSUE 

SPECTROSCOPY AND BIO-SIGNATURES 

 

Day before surgery: 

1) De-assemble the laparoscopic adapter into three parts: 

o Stainless steel shaft 

o Knurled knob with medical grade FEP tubing 

o Medical grade silicone ring   

2) Clean/Wash the fiber optic probe assembly (interface to patient’s tissue), laparoscopic adapter, and 

metal sterilization tray and outside of the cart chassis 

3) Check the two Tyvek instrument covers and clean them if necessary 

4) Send the fiberoptic probe and laparoscopic adapter to the sterilization facility 

5) Contact the operating room supplies office and request supplies (sterile lubricants, sterile 

ultrasound probe covers) to be available for surgery 

6) Cover the cart 

In surgery before patient measurement: 

1) Transport system to the OR from the clinical research facility 

2) Stow the covers in a bag 

3) Physician assembles the three sterile components of the fiber optic probe and laparoscopic adpater 

4) Insert this assembly into the sterile ultrasound probe cover (optional) 

5) Attach the fiberoptic probe to the measurement device 

6) Wait for the physician to be ready to conduct measurements 

7) Perform patient measurements. 

In surgery after patient measurement: 

1) Wipe down the fiberoptic probe  

2) Wipe down and store the laparoscopic adapter in a clean bag  

3) Dispose off the used ultrasound probe cover (optional) 

4) Calibrate the device on standards 

5) Dismount the fiberoptic probe  

6) Store the fiberoptic probe and laparoscopic adapter in metal tray and bag 

7) Cover the cart with the TI covers  

8) Transport device back to clinical research facility. 

In the clinical research facility: 

1) Wash the fiberoptic probe and laparoscopic adaptor 

2) Package the fiberoptic probe and laparoscopic adaptor for sterilization 

3) Clean the TI covers if needed  

 

The following four pages describe in detail the clinical procedure for 

1) Before surgery 

2) In surgery before patient measurement 

3) In surgery after patient measurement 

4) After surgery 
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# Compone

nts 

BEFORE SURGERY (Roles 

performed by Research Staff (S), 

Physician (P), U of A Service 

Personnel (D)) 

Material Manufacturer (M), phone 

numbers (P), contact names 

(C) 

1 Outside of 

the cart 

S: Wipe down with the outside of 

the cart with Cavi wipes (CW). 

P & D: NA 

A1:--The material 

contained is 

tuberculocidal, 

bactericidal, 

virucidal and 

fungicidal.-- 

CW: M: Metrex Research 

Corporation, Romulus, MI. P: 

520-694-6575. C: Christina or 

Vivian (UMC OR Purchase 

Office). 

2 Keyboard 

 

S: Wipe down with CW and wrap 

it up with a clean disposable 

plastic wrap.                  

P & D: NA 

The plastic used is 

clean and 

disposable  

Plastic wrap: M: Kroger 

Company, Cincinnati, OH. P: 

1-800-632-6900, C: NA. 

3 Cart 

storage 

cover 

S: Clean storage cover will be 

used to transport the clinical 

research device (CRD) to and 

from the operating room (OR).     

P & D: NA 

A2:-- Tyvek.  

This cover is 

autoclavable at 

275F-- 

A3:--Cover: M: General 

Econopak, Inc. Philadelphia, 

PA, P: 1-888-871-8568. C: 

Kaaron Ruza--       

4 Imaging 

arm 

storage 

cover 

S: The imaging arm will be 

covered all through surgery if not 

used.                         

P & D: NA 

A2 

 

A3 

 

5 Fiber Optic 

Patient 

Probe 

 

S: The probe will be washed with 

a medical grade detergent (MGD) 

(if not used for 2 weeks) followed 

by rinsing in deionized ultra 

filtered water (DUW), and will be 

sent in for sterilization at the 

UMC's sterilization facility in a 

metal sterilization tray (see 

component 6).               

D: Low temperature STERRAD 

or ethylene oxide gas sterilization 

procedure will be used.   

P: NA 

A4:--Medical 

enzyme detergent 

ultra contains 

multi-enzyme 

detergent 

concentrate that is 

effective to 

remove organic 

materials like 

blood, tissue, 

mucus, feces and 

other organic 

materials that are 

found on 

instruments-- 

Low temperature 

sterilization temp. 

is between 98F 

and 131F 

A5:--Detergent: M: 

Professional Hospital Supply, 

Temecula, CA. P: 520-694-

6575. C: Christina or Vivian 

(UMC's OR Purchase Office)-

-                        A6--

Sterilization: M: UMC's 

sterilization facility, P:520-

694-4585, C: Alex Garcia 

(Manager) 

6 Metal 

Sterilizatio

n Tray 

 

S: The metal sterilization tray will 

be washed with MGD (if not used 

for 2 weeks) followed by rinsing 

in DUW.  The cleaned probe (see 

component 5) will be placed in 

this clean tray.  The combination 

will be placed in a fresh and clean 

XXL Ziploc bag and carried to 

the UMC's sterilization facility.                      

Material for MGD 

(see A4). Material 

for CW (see A1).           

XXL Ziploc bags 

are used for 

storing food items 

 

Detergent: see A5.                            

Sterilization: see A6.                         

XXL Ziploc bags: M: Ziploc 

for S.C. Johnson & Son, Inc., 

Racine, WI, P:800-428-4795 

and C: Helen Johnson 
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D: After sterilization the sterile 

probe in the sterile tray will be 

wrapped up in a sterile wrap and 

brought to the OR.                    

P: NA 

7 Sterile 

ultrasound 

probe 

cover 

 

D: This cover will be placed in 

the purchasing office cart (POC) 

that will go into the surgery with 

the all the other surgical 

instruments needed for the 

scheduled surgery.  

S: NA 

P: This cover will be used by the 

physician to wrap the sterile metal 

probe during surgery.              

Please see entry 7 in the 'IN 

SURGERY BEFORE PATIENT 

MEASUREMENT' procedure. 

A7:--Sterile 

ultrasound probe 

cover: This is a 

sterile 

polyethylene 

sheath that covers 

the length of the 

probe with 2 

elastic bands.  The 

actual dimensions 

are 6in. x 48in.-- 

 

A8:--Sterile ultrasound probe 

cover: Bard Access Systems. 

P:520-694-6575. C: Christina 

or Vivian (UMC OR Purchase 

Office).-- 

8 Laparosco

pic adaptor 

assembly 

 

S: The adapter will be 

disassembled and washed with 

MGD followed by rinsing in 

DUW.  It will be sent in for 

sterilization at the UMC's 

sterilization facility along with 

the probe in the metal tray (see 

components 5 and 6) 

P & D: NA. 

Material for MGD 

(see A4). Material 

for CW (see A1). 

Sterilization: See 

sterilization for 

component 5  

 

Sterilization: see A6 

 

9 Laparosco

pic adaptor 

assembly 

lubricant 

 

See component 9 in "IN SURGERY BEFORE PATIENT MEASUREMENT' 

 

 

 

 

# Compone

nts 

IN SURGERY BEFORE 

PATIENT MEASUREMENT 

(Roles performed by Research 

Staff (S), Physician (P), U of A 

Service Personnel (D)) 

Material Manufacturer (M), phone 

numbers (P), contact names 

(C) 

1 Outside of 

the cart 

NA NA NA 

2 Keyboard NA NA NA 

3 Cart 

storage 

cover 

S: Removed and stowed in a 

clean Ziploc bag. 

D & P: NA 

NA NA 

4 Imaging 

arm 

storage 

cover 

S: Kept on if not used.  

D & P: NA 

 

NA NA 
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5 Fiber Optic 

Patient 

Probe 

D: The sterile probe will be 

delivered to OR from the 

sterilization facility     

P: The physician will insert it into 

the laparoscopic through the 

laparoscopic adaptor assembly.  

S: The the fiber optic bundle 

(FOB) will be mounted on the 

cart and all the connections will 

be secured. 

Probe: Stainless 

steel.                         

Laparoscopic 

adaptor assembly: 

See material 

section for 

component 8.              

Non-metallic part 

of the FOB: 

Sterilizable Teflon 

tubing. 

 

Sterilization: See A6 in 

'BEFORE SURGERY' 

6 Metal 

Sterilizatio

n Tray 

NA 

 

NA 

 

NA 

 

7 Laparosco

pic adaptor 

assembly 

 

S & D: NA                                  

P: The physician will assemble 

the sterile components of the 

laparoscopic adaptor assembly 

insert the sterile probe in it. 

NA NA 

8 Sterile 

ultrasound 

probe 

cover 

 

S & D: NA                                  

P: The physician will insert the 

laparoscopic adapter assembly 

(with the probe in it) into the 

sterile ultrasound probe cover and 

wait for the measurements to 

begin. 

 

See A7 in 

'BEFORE 

SURGERY' 

 

See A8 in 'BEFORE 

SURGERY' 

 

 

9 Laparosco

pic adaptor 

assembly 

lubricant 

 

D: Sterile lubricating jelly will be 

present in the POC. 

P: The physician will use this 

sterile lubricant to lubricate the 

components in the laparoscopic 

adaptor assembly. 

Lubricating jelly: 

is sterile, clear, 

water soluble, 

non-staining, and 

non-greasy. 

 

Lubricating jelly: M: 

Novaplus Inc., Irving, TX. 

P:520-694-6575. C: Christina 

or Vivian (UMC OR Purchase 

Office). 
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# Compone

nts 

IN SURGERY AFTER 

PATIENT MEASUREMENT 

(Roles performed by Research 

Staff (S), Physician (P), U of A 

Service Personnel (D)) 

Material Manufacturer (M), phone 

numbers (P), contact names 

(C) 

1 Outside of 

the cart 

NA NA NA 

2 Keyboard 

 

NA NA NA 

3 Cart 

storage 

cover 

NA NA NA 

4 Imaging 

arm 

storage 

cover 

S: Kept on if not used.   

D & P: NA 

NA NA 

5 Fiber Optic 

Patient 

Probe 

S: Before conducting calibration 

measurements the contaminated 

metal probe will be wiped down 

with CW and its optical tip will 

be wiped down with clean kim-

wipes soaked in isopropanol.                 

D & P: NA 

Kim-wipes: Are 

anti-static 

polyshield clean 

wipes.                   

70% isopropanol: 

99% isopropanol 

diluted in 

deionized water 

Kim wipes: Kimberly-Clark 

Global Sales, Inc., Roswell, 

GA. C: NA. P:1-888-346-

4652.                                     

Isopropanol: M: VWR, C: 

NA, P:1-888-320-4357 

6 Metal 

Sterilizatio

n Tray 

NA NA NA 

7 Sterile 

ultrasound 

probe 

cover 

S & D: NA                                  

P: The used probe cover is 

disposed off. 

NA NA 

8 Laparosco

pic adaptor 

assembly 

The contaminated laparoscopic adaptor assembly will be cleaned after surgery. See 

component 8 in the section 'AFTER SURGERY'.  

 

9 Laparosco

pic adaptor 

assembly 

lubricant 

The lubricant from laparoscopic adaptor assembly will be removed.  See component 9 in 

the section 'AFTER SURGERY' 
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# Components AFTER SURGERY (Roles 

performed by Research Staff (S), 

Physician (P), U of A Service 

Personnel (D)) 

Material Manufacturer (M), 

phone numbers (P), 

contact names (C) 

1 Outside of 

the cart 

S: The outside of the cart will be 

thoroughly wiped down with CW.   

D & P: NA 

See A1 

 

See A1's 

manufacturer 

 

2 Keyboard S: The contaminated plastic wrap 

is disposed and the keyboard is 

wiped down with CW.                         

D & P: NA.            

See the corresponding 

materials in the section 

'BEFORE SURGERY'. 

See the 

corresponding 

manufacturers in the 

section 'BEFORE 

SURGERY'. 

3 Cart storage 

cover 

S: The cart storage cover will be 

removed from the clean storage 

Ziploc bag that was used to stow it 

away and it will be used to cover 

the cart once it is ready to leave 

the OR to the laboratory.                                   

D & P: NA. 

See the corresponding 

materials in the section 

'BEFORE SURGERY' 

 

See the 

corresponding 

manufacturers in the 

section 'BEFORE 

SURGERY' 

 

4 Imaging arm 

storage cover 

S: If the imaging arm was used 

during surgery then it will be 

wiped down with CW and the 

optics will be cleaned with 70% 

isopropanol.  If it was not used 

during surgery then the cover will 

be removed and send for 

sterilization. This arm fits in the 

cart cover discussed in component 

3.                            

D & P: NA 

See A2 

 

See A3 

 

5 Fiber Optic 

Patient Probe 

S: After calibration has been 

completed, the clean probe is 

neatly placed in the metal 

sterilization tray discussed in the 

next component.  It will be taken 

to room 8330 in the research 

facility (RF).  There it will be 

washed in a MGD followed by 

rinsing in DUW. 

P & D: NA. 

See the corresponding 

materials in the section 

'BEFORE SURGERY' 

See the 

corresponding 

manufacturers in the 

section 'BEFORE 

SURGERY' 

6 Metal 

Sterilization 

Tray 

S: Metal sterilization tray is used 

to transport the probe from the OR 

to RF and it will also be cleaned as 

component 5. 

P & D: NA 

See the corresponding 

materials in the section 

'BEFORE SURGERY' 

See the 

corresponding 

manufacturers in the 

section 'BEFORE 

SURGERY' 

7 Sterile 

ultrasound 

probe cover 

 

P: It is already disposed after 

surgery. See the corresponding 

component entry in 'IN 

SURGERY AFTER PATIENT 

MEASUREMENT'.                     

D & S: NA. 

NA 

 

NA 

 

8 Laparoscopic S: The laparoscopic adapter Material for MGD (see Acrylic container: M: 
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adaptor 

assembly 

 

assembly is disassembled and put 

in a clean Ziploc bag and will be 

cleaned in RF as in component 5 

and then stored in an acrylic 

container designed to contain it.  

D & P: NA. 

A4). Material for CW 

(see A1).     Acrylic 

container: This 

container meets FDA 

standards for dry food 

and can be cold 

sterilized at 99 to 134F. 

US Plastics, Lima, 

OH. C: NA. P: 1-

800-809-4217.  See 

A6 for sterilization. 

 

9 Laparoscopic 

adaptor 

assembly 

lubricant 

S: Washed away in the above 

component cleaning. See the 

corresponding entry in component 

8 here. 

D & P: NA 

NA 

 

NA 

 

 

 

 

 

 

 

 

 

 

 


