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Abstract 
Ovarian cancer is a devastating disease with a 5-year survival rate as low as 15% after 

diagnosis.  This low survival rate is mostly due to limitations in early screening methods and a 

lack of understanding of the disease’s origins.  Recent research has revealed that high grade 

serous carcinoma, the most commonly diagnosed form of ovarian cancer in the United States, 

may begin development in the fallopian tubes and spread to the ovaries at a later stage.  Current 

imaging methods such as Transvaginal Ultrasound, CT, and MRI lack the high resolutions 

necessary to detect small lesions within the fallopian tubes.  Data acquisition and 

synchronization design of a multimodal Optical Coherence Tomography (OCT) and Multiphoton 

Microscopy (MPM) endoscopic system for detecting early stage ovarian cancer in the fallopian 

tubes is presented in this thesis.  OCT and MPM are optical imaging methods capable of 

reaching submicron resolutions and are capable of being miniaturized for endoscopic use.  Real-

time wide-field microscopy allows for navigation of the endoscope through the fallopian tubes.  

Data and images collected are displayed, processed, and saved on a computer using LabVIEW.  

Using multiple imaging modalities provides different but complimentary information on tissue, 

possibly making early ovarian cancer detection easier.  Synchronization between these 

modalities is necessary for accurate data acquisition.  This multimodal endoscopic system is 

designed to allow for easy integration into the clinical environment. 

Chapter 1: Introduction 
 

Motivation 
 

Ovarian Cancer 

According to the American Cancer Society, approximately 22,240 women will be 

diagnosed with ovarian cancer in 2018.  From this group of women, it is estimated that 14,070 
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will die from ovarian cancer.  Though ovarian cancer is not the most prevalent cancer in the 

United States, it ranks fifth in overall cancer deaths in women[1].  This low survival rate can be 

attributed to the lack of any accurate screening methods.  If found in its early stages, ovarian 

cancer can have a survival rate as high as 90%, but often the cancer has already advanced into a 

later stage when diagnosis occurs, decreasing the patient’s survival rate to as low as 15%[2].  A 

lack of understanding of what ovarian cancer is, also contributes to the low survival rate.  The 

term ovarian cancer is a misnomer as there are many cancers, with different biomarker profiles 

and precursor lesions, that affect the ovaries.  The most deadly of these diseases of the ovary is 

serous carcinoma, which is unfortunately also the most common form of ovarian cancer found in 

the United States.  Recent research suggests that serous carcinoma actually originates in the 

fallopian tubes and eventually spreads to the ovaries.  It may harbor there as a serous tubal 

intraepithelial carcinoma (STIC) for up to 6 years before dysplastic cells migrate to the ovaries 

and peritoneum and develop into serous carcinoma.  This origin makes diagnosis of serous 

carcinoma even more difficult as the fallopian tubes are not easily accessible for imaging and 

STICs are only a few cell layers thick[3,4].  

Because of the lack of an early screening test, women with a family history of ovarian 

cancer, or have the BRCA 1/2 mutation, may opt to undergo a surgery called prophylactic 

salpingo-oophorectomy[3].  Though this surgery is effective at reducing the risk of ovarian 

cancer, removal of the ovaries abruptly puts a woman into post-menopause, which causes 

infertility and increased cardiovascular mortality[5].  The psychological and financial impact 

toward the patient is also significant.  This surgery might not even be necessary on a patient-to-

patient basis as a patient chooses to have a salpingo-oophorectomy under the pretext that they 

could, not will, one day develop ovarian cancer.   
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Current Diagnostic Methods 

 Pelvic tests administered by a doctor is a common method for ovarian cancer diagnosis 

but are incapable of detecting small tumors typical of early stage cancer.  Even with an 

experienced doctor, this test is only efficient in detecting late stage ovarian cancer[7].  Attempts at 

developing an early screening test have also been made using transvaginal sonography and 

measurement of CA125, a glycoprotein associated with colon, gastric, and ovarian cancer.  

Theoretically, a patient with ovarian cancer should express more CA125 than a healthy patient, 

and detection of the glycoprotein would garner a positive diagnosis.  In a study of 799 patients, 

this was found not to be the case as many of the results were false positives for ovarian cancer.  

Because CA125 is expressed in the presence of other conditions, not just ovarian cancer, the 

specificity of this test is quite low, leading to positive results caused by other malignant diseases 

or benign ovarian diseases.  Only 20% of patients in this study with abnormal results were 

diagnosed with ovarian cancer later[8].   

In a study performed by Brown and Palmer, it was determined that a yearly screening 

method for early detection of serous carcinoma would need to meet certain requirements before 

being implemented in a clinical environment.  To obtain 50% sensitivity in a normal risk 

population, the screening method should be capable of detecting tumors 1.3 cm or less in 

diameter.  For 80% sensitivity, the screening method would need to be able to detect tumors 0.4 

cm or less in diameter[9].  To reach the sensitivity and specificity necessary for early stage 

detection, new imaging methods will need to be developed.   

Diagnostic Imaging 

 Diagnostic imaging is already utilized in clinics for diagnosing several variations of 

cancers.  X-ray, magnetic resonance imaging (MRI), positron emission tomography (PET), 
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single photon emission computed tomography (SPECT) are imaging modalities capable of three-

dimensional detection of cancer within the human body but have limited resolutions and 

sensitivities necessary for imaging smaller cancers.  Ultrasound has potential in imaging ovarian 

cancer and are relatively inexpensive systems.  Resolution limits ultrasound though.  Ultrasound 

is frequency dependent.  When using a low frequency, ultrasound can penetrate deep into the 

body, but has low resolutions incapable of identifying small lesion.  Higher frequencies produce 

higher resolution images but can only penetrate a few centimeters deep[10].  Ovarian cancer 

detection requires a system that can penetrate deep into the body and maintain a high resolution 

to view small lesions.  When considering other imaging modalities, x-ray can use targeted 

contrast agents to image cancer, but these agents require high concentrations and atomic 

numbers, making the process unsafe for practical use in a patient.  Clinically, non-targeted x-ray 

contrast agents are injected into the patient but become invisible quickly from blood dilution[11].  

X-rays themselves are also harmful to the body.  Because of these limitations, x-ray is not 

feasible for ovarian cancer detection.  MRI is capable of imaging deeper regions of the body, but 

not at the resolution and signal to noise ratio necessary to diagnose cancer.  Increasing the signal 

to noise ratio would require increasing magnetic field strength or time, which puts the tissue at 

risk of being damaged[11].  Nuclear imaging like SPECT and PET have been used for cancer 

diagnostics.  Both procedures use small amounts of radioactive material called radiotracers that 

are taken up into the body.  Radiotracer concentrations are then read within the body and used to 

form three dimensional images used to identify abnormalities.  Both modalities can provide 

inaccurate results as areas of high activity (e.g. areas with high inflammation) can absorb the 

radiotracer.  Slow growing tumors are harder to detect because they are less active, thus 

absorbing less tracer[12].   
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Optical imaging utilizes light interactions with tissue to form an image.  Optical imaging 

modalities provide greater opportunity in detecting difficult cancers because they have high 

sensitivity and resolution.  They also utilize non-ionizing radiation and can be used at powers 

that do not damage the tissue sample.  Optical imaging has very limited penetration depth[11], 

however these modalities also have the capability of being incorporated into an endoscope, 

which would allow for deeper exploration of the body.  

Optical Coherence Tomography (OCT) 

 Optical coherence tomography (OCT) is an imaging modality based on the coherent 

detection of scattered light to gain depth information of a tissue sample.  OCT is divided into 

several subtypes.  The first generation of OCT is time domain OCT (TD-OCT).  In TD-OCT, a 

low coherent light source is split into two beams: a sample arm and a reference arm.  In the 

sample arm, the tissue absorbs and scatters light at different depths depending on the tissue’s 

internal structure. Some light is backscattered into the system.  In the reference arm, light is 

reflected off a mirror that moves longitudinally to create a variable time delay.  Signals from the 

tissue and the reference of different path lengths are recombined in the interferometer detector to 

create a signal that provides depth information of the tissue sample.  Technological advances 

have led to improved OCT techniques that detect signal in the Fourier domain.  There are two 

types of OCT techniques that measure in the Fourier domain, spectral domain OCT (SD-OCT) 

and swept source OCT (SS-OCT)[13].  SD-OCT is more relevant as this is the method we are 

utilizing for our endoscope. 
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Figure 1 Setup for SD-OCT detection.  Light from a broadband source is split into two arms, a reference arm and 

sample arm.  Light is reflected off a mirror in the reference arm while light is scattered and absorbed in the sample 

arm.  The two signals are interfered with and detected by the spectrometer.  The signal is detected by the line scan 

camera and read by the computer. 

Similar to TD-OCT, in SD-OCT a light source is split into a sample arm and a reference 

arm which is later recombined.  SD-OCT utilizes a broadband light source and a spectrometer 

detector, which allows the system to measure all light simultaneously, creating faster imaging 

speeds.  The reference mirror is fixed in an SD-OCT system as a time delay is no longer 

necessary to create a path length difference that lies within the coherence length of the light 

source.  A spectrometer and high-speed line scan camera are necessary for data collection.  The 

two beams are recombined to create a signal that is a function of wave number.  This signal is 

detected by the spectrometer, which produces a spectrum that is a function of wavelength.  

Numerically resampling this data to be a function of wavenumber and then performing a Fourier 

transform generates an axial scan.  The axial scan provides information on magnitude and echo 

delays from the tissues[13]. 

SS-OCT uses an instantaneously narrow band, but swept in wavelength, light source and 

an interferometer with a narrow bandwidth.  Detectors measure interference as a function of 
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time, negating the need for a spectrometer or high-speed line scan camera.  This method is 

limited by its light source.  SS-OCT requires a high speed, swept narrow linewidth source to 

function properly[13]. 

OCT has been utilized for biomedical research because of its micrometer resolution and 

capability of imaging tissue cross-sections.  This imaging method is also non-destructive, 

removing any risk of damaging tissue samples.  OCT does have its limitations.  For example, 

axial resolution decreases as penetration depth increases because of the degradation of the 

wavefront as it moves through deeper tissue.  Typically, light even in the near-infrared is 

attenuated beyond detection in 100’s of microns to millimeters.  Because of this limitation, OCT 

is best suited for imaging depths below 2 mm.  Artifacts are also a common problem with SD-

OCT.  In SD-OCT, if the reference arm path length is set incorrectly, a strong reflection occurs 

in the sample, or when the imaging depth is too large, mirror artifact occurs[13].  

Clinical Use 

 Clinically, OCT has been highly successful and is FDA approved for several 

ophthalmological purposes, since it is the only imaging modality which can obtain cross-

sectional images of the anterior chamber and retina without contacting the cornea.  Some of these 

purposes range from detecting visual changes and macular damages of the eye for patients who 

have glaucoma to detecting optic disk edema from episodes of optic neuritis for patients with 

multiple sclerosis.  Vascular diseases of the retina, optic nerve, and choroid have been imaged 

and characterized with OCT.  OCT has also been used for cardiovascular purposes such as 

imaging high-resolution images of the coronary arteries in vivo to characterize stenosis and 

guiding stent placement during percutaneous coronary intervention[14]. 
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Application to Ovarian Cancer 

 Though this is a newer field, several OCT studies have been implemented in our lab for 

ovarian cancer diagnostics.  The first of these studies developed a laparoscopic OCT device that 

was used for imaging the ovaries of post-menopausal women prior to oophorectomy[15].   

Another study researched the development of a handheld rigid optical coherence microscopy 

(OCM) endoscope used for imaging mouse ovaries ex vivo[16].  OCT has also been compared to 

histological images for detecting metastases in ovarian tissue ex vivo[17].  Other studies have 

analyzed the optical properties of healthy ovarian tissue using OCT while others have used OCT 

to visualize small spheroidal tumor cultures to understand how ovarian cancer grows[18,19].  

Researchers have found success in identifying lesions within ex vivo fallopian tubes with an 

endoscope with OCT capabilities[20].  An endoscope with OCT and widefield imaging 

capabilities for ovarian cancer detection has been designed and characterized[21].   

Multiphoton Microscopy (MPM) 

 Multiphoton microscopy (MPM) encompasses several nonlinear microscopy optical 

imaging techniques used to create contrast within a sample.  These nonlinear optical techniques 

utilize the interaction between multiple photons like in two photon excitation fluorescence 

(2PEF) or the scattering of photons as seen in second harmonic generation (SHG).  MPM is 

commonly used to image biological structures using exogenous probes or a sample’s own 

intrinsic contrast.  Unlike confocal microscopy, MPM does not require a pinhole at the objective 

lens of the microscope, simplifying the system design.  Compared to other microscopy methods, 

MPM is extremely useful for biological purposes because of the use of longer wavelengths that 

penetrate deeper into tissue.  Interactions between photons are rare and need to happen quickly, 

so near infrared laser sources are required for MPM to promote interactions between multiple 
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photons and discourage photon scattering.  The laser source is pulsed, rather than continuously 

illuminated, to prevent an increase in tissue linear absorbance that could lead to deleterious 

effects.   Ti:Sapphire lasers are the standard for MPM techniques.  A Ti:Sapphire laser can have 

pulse durations of a few femtoseconds to a couple hundred femtoseconds, which are necessary 

time durations for MPM[22]. 

 

Figure 2 Basic optical setup of microscope for multiphoton microscopy.   

Two-Photon Excitation Microscopy 

 2PEF is a multiphoton process where two photons of lower energy interact 

simultaneously with a molecule to excite it into a higher state.  For this to happen the sum of the 

two photons must equal the energy required for the molecule to transition and each photon must 

contribute half the energy.  2PEF can be viewed as two interactions.  The first interaction 

involves absorbance of the first proton.  Absorbance of the first proton brings the molecule from 
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ground state to a virtual state.  Absorbance of the second photon needs to happen while the 

molecule is in its virtual state.  This period is very short, so absorbance needs to be done within a 

femtosecond timeframe.  As stated before, Ti:Sapphire lasers are the standard for MPM.  These 

lasers are capable of the high photon flux required for photons to interact within such a short 

time period.  Once the second photon is absorbed, the molecule reaches its excited state.  Once 

excited, the molecule will undergo vibrational relaxation to the lowest excited state, emit a 

fluorescence photon, and go back to its ground state[22]. 

 

Figure 3 Jablonski diagram representing 2PEF.  Two photons of lower energy interact simultaneously with a 

molecule to bring it to a higher state.  Molecule will undergo vibrational relaxation and emit a fluorescent photon 

before going back to ground state. 

 Fluorophores have a broad absorption spectrum and can be excited with the same 2PEF 

laser source.  A Ti:Sapphire laser is tunable to approximately 780-850 nm.  For 2PEF, this laser 

source, when divided in half, can excite collagen, NADH, and FAD-endogenous fluorophores.  

2PEF can also be used with newer fiber-based femtosecond lasers, allowing for longer 
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wavelengths.  For example, a 1350 nm laser source could be used to excite a molecule that 

fluoresces at 650 nm.  650 nm is within range for a molecule like methylene blue, a common 

contrast agent, to fluoresce.   

Three-Photon Excitation Microscopy 

 Three photon excited fluorescence (3PEF) is a similar process to 2PEF.  Rather than two 

photons interacting with a molecule, three photons interact with a molecule instead.  Each photon 

contributes to a third of the energy required to excite the molecule.  Absorbance of the first 

photon brings the molecule to a virtual state while absorbance of the second photon brings it to 

an even higher virtual state.  Absorbance of the third photon brings the molecule to its excited 

state where fluorescence occurs.  Compared to 2PEF, the light emission during 3PEF has a 

higher energy.  3PEF also allows for the use of light sources with longer wavelengths[22].  For 

example, a 1350 nm light source would be capable of exciting fluorophores that require a 

wavelength of 450 nm.  At a 450 nm wavelength, healthy and cancerous tissue will auto-

fluoresce.  
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Figure 4 Jablonski diagram representing 3PEF.  Three photons of lower energy interact simultaneously with a 

molecule to bring it to a higher state.  Molecule will undergo vibrational relaxation and emit a fluorescent photon 

before going back to ground state. 

Second Harmonic Generation 

 Second harmonic generation (SHG) is a multiphoton process based on the scattering of 

light through tissue.  Unlike 2PEF or 3PEF, SHG is a coherent process that preserves 

polarization.  During SHG, two photons of the same frequency are combined simultaneously as 

they interact with a molecule.  Relaxation of this molecule leads to the emission of a new photon 

with double the energy.  This process is nearly instantaneous with a very short virtual state.  

SHG occurs in materials that do not contain a center of symmetry, which means it cannot be used 

to image liquids.  SHG also occurs in highly ordered structures.  In a highly ordered structure, 

the molecules are aligned to allow for the SHG signal to interfere constructively[22].  Common 

highly ordered structures that are imaged using SHG are collagen fibers, microtubules, and 

myosin.  Similar to 2PEF, SHG requires a laser with high irradiance focused to a small volume. 
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Figure 5 Jablonski diagram representing SHG.  Two photons of the same frequency combine simultaneously as they 
interact with a molecule.  The molecule emits a photon with double the energy as it relaxes. 

Third Harmonic Generation 

 Third harmonic generation (THG) is a similar technique to SHG but involves three 

photons rather than two.  Three photons are simultaneously absorbed by a molecule which leads 

to the molecule emitting a photon with three times the energy of the incoming photons.  During 

THG, the signal before the focus of the objective of the microscope interferes destructively with 

the THG signal after the objective.  Because of this, THG is best used for samples with medium 

discontinuities.  Imaging of a homogenous sample leads to a zero net THG signal.  THG can be 

used to image interfaces between interstitial fluids and lipid-rich structures.  It is also capable of 

imaging interfaces between water and proteins.  Unlike SHG, THG does not require a specific 

symmetry for imaging[22]. 
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Figure 6 Jablonski diagram representing THG.  Three photons of the same frequency combine simultaneously as 
they interact with a molecule.  The molecule emits a photon with triple the energy as it relaxes. 

Clinical Use 

 Though MPM has a noticeable presence in biomedical research for identifying cancer 

such bladder and prostate cancer[23], its presence in the clinical environment is minimal.  MPM 

systems like the DermaInspectTM and MPT-flex have been developed for imaging skin in 

vivo[24].  These systems are complex and expensive to integrate into a clinic.  As stated before, 

MPM utilizes lasers based on Ti:Sapphire crystals for high power and reliability.  These lasers 

are typically large and expensive.  Portability is also limited for Ti:Sapphire lasers as well.  

Research done by Millard et. al demonstrates the use of a diode-pumped femtosecond fiber laser 

for THG microscopy[25].  Compared to the standard Ti:Sapphire laser, this laser is much more 

compact, making it more feasible for clinic integration.  Other femtosecond fiber lasers have 

been developed since then for SHG as well[26].  Similarly, Kieue et al. have demonstrated a high-
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power picosecond fiber pump laser system used for Raman microscopy with the possibility of 

being used for multiphoton processes[27].   

Application to Ovarian Cancer 

 Few studies have incorporated MPM for ovarian cancer diagnostics.  A multimodal 

experiment using OCT, SHG, and 2PEF was done for imaging mouse ovaries in vivo[28].  SHG 

microscopy has been used to analyze ovarian carcinoma in a mouse model[29].  TPEF, SHG, and 

THG have been used to observe pathological changes of ovarian tissue from human samples[30].  

3PEF, 2PEF, SHG, and THG have all been demonstrated on human ovarian and fallopian tube 

tissue using a pulsed femtosecond laser as the system’s light source[31].   Each of these studies 

have shown MPM’s capability of differentiating healthy ovarian tissue and cancerous ovarian 

tissue. 

Widefield Imaging 

 Widefield imaging is the standard imaging modality for medical endoscopes.  This 

technique involves exposing a large area of the tissue to a light source, typically white light. The 

light remitted from the tissue is relayed to a detector.   Widefield imaging typically benefits from 

a large depth of imaging of so that focusing of the endoscope is not necessary[32].  Widefield 

imaging can be used with sources other than white light, for example narrowband imaging to 

enhance the visibility of vasculature tissue.  In narrowband imaging, blue or green light is used to 

illuminate the tissue. These short wavelengths match the spectral regions of increased 

hemoglobin absorbance and thus may provide higher contrast of tissue[33].   

Fluorescent imaging is commonly used in conjunction with widefield imaging.  In 

widefield fluorescence microscopy, a fluorescence microscope’s field of view is entirely 

illuminated with narrowband light while fluorescence emission is detected with a sensitive 
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camera.  Fluorescence has been used extensively for ovarian studies.  Fluorescence has been 

used to image precancerous cells in the ovaries using a confocal microlaparoscope[34].  Several 

studies have analyzed the usefulness of certain targeted dyes for identifying cancerous tissues in 

the ovaries.  For example, CypH-1 is a dye designed for detection of tumors in a clinical setting.  

It fluoresces under mildly acidic conditions that are typical for ovarian cancer[35].  Indocyanine 

green has been studied as a marker for identifying intraoperative cancer metastases[36].   

Fluorescence has even been used to identify microscopic residual tumor nodules using the 

photodynamic therapy agent benzoporphyin-derivative monoacid ring A[37].  A miniature 

widefield multispectral endoscopic imaging system has been developed that is capable of 

enabling reflectance and fluorescence imaging over a broad wavelength range[38].  The number of 

studies incorporating fluorescence and the amount of dyes identified for detecting ovarian cancer 

make this method valuable. 

Multimodal Imaging 

 Multiple imaging modalities may have greater sensitivity and specificity for 

differentiating cancerous tissue from healthy tissue.  Certain modalities are useful for imaging 

different aspects of tissues.  What may not be viewable on one modality, could be viewable on 

another.  To prevent any cancerous tissue from being missed during diagnosis, multiple imaging 

modalities may be necessary to come to an accurate diagnosis.   

Several multimodal systems have already been developed for imaging ovarian 

carcinogenesis.  An example of one of these systems is an endoscope using OCT and 

fluorescence spectroscopy to image colorectal cancer in murine models in vivo[39].  In this 

system, OCT is utilized for imaging the microstructures of the ovarian tissue while a single 

wavelength laser is shone onto the tissue sample.  Shining this laser onto the sample causes a 
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fluorescent emission that reveals the sample’s biochemical information.  This system requires 

two separate light sources, a super luminescent light source for OCT and a Helium-Cadmium 

laser for LIF.  Both modalities can identify adenomas in the colon.  A sequential imaging system 

using OCT and MPM, specifically 2PEF and SHG, has also been developed for in vivo imaging 

of mouse ovaries[28].  OCT identifies alterations in tissue microstructure.  Using NADH and FAD 

as biomarkers, 2PEF analyzes alterations in cellular fluorescence and morphology.  SHG 

analyzes remodeling of collagen structures.  During a long-term study, this system identified 

cases of tubal hyperplasia a several types of tumors in the mouse models.  These results indicate 

that a combined OCT-MPM system would be useful for detection of early stage ovarian cancer. 

Endoscopes 

 Endoscopy has a presence in the clinical world already for cancer screening due to its 

relatively small setup and short recovery time.  Endoscopy provides an opportunity to view 

internal regions of the body and has the potential to be minimally invasive by accessing regions 

of interest through a natural orifice or minor surgery.  Though the pathway is long and torturous, 

endoscopy provides a viable solution for imaging the fallopian tubes and ovaries.  Falloposcopes, 

endoscopes for inspection of the fallopian tubes, were first used to determine tubal infertility.  A 

falloposcope developed by Kerin et. al was used for identifying abnormal surface anatomy in the 

tubal epithelium[40].  Inserted through the vagina, the falloposcope could safely navigate through 

the fallopian tubes from the utero tubal ostium to the fimbria and adjacent peritoneal cavity.  

Falloposcopes have also been used during transcervical dilation procedures for removal of 

proximal tubal occlusions[41].  

The first endoscope for ovarian cancer detection was the laparoscopic OCT endoscope 

developed by Hariri et al[15].  This endoscope was used to examine ovaries in vivo of patients 
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undergoing oophorectomy.  Laparoscopy is not a minimally invasive process and requires the 

patient to undergo general anesthesia, reducing the possibility of this system being used beyond a 

hospital setting.  Other endoscopes for ovarian cancer detection have been developed since the 

creation of the laparoscopic OCT endoscope.  Howlett et. al developed an endoscope that utilizes 

multiplexed volume holographic reflection for in vivo ovarian cancer detection[42].  The 

endoscope captures images at the surface and subsurface of ovarian tissue simultaneously.  

Another falloposcope for ovarian cancer detection was designed and characterized using OCT 

and widefield imaging.  This system has been tested on ex vivo ovarian and fallopian tube tissues 

and guided through an anatomically correct model of the female reproductive tract.  

Endoscopy, combined with an optical imaging modality, could be the key to early 

ovarian cancer detection.  As stated before, if entered through a natural orifice, general 

anesthesia would not be necessary for the patient.  Local anesthesia would only be necessary and 

allow for the screening process to take place in a clinic rather than a hospital.  OCT and MPM 

are imaging modalities that are capable of viewing small lesions that develop in the fallopian 

tubes.  Widefield imaging is used in many endoscope designs and would be simple to also 

incorporate into an endoscope with OCT and MPM.  A multimodal endoscope utilizing all three 

modalities: OCT, MPM, and widefield imaging, would require appropriate software to control 

data acquisition and synchronization between all modalities.  Data acquisition would need to be 

synced with the endoscope’s movements, minimizing acquisition of junk data.  Data collected 

from each modality would need to be processed differently to make interpretation of the data 

easier for the clinician.  Data acquisition and software for a multimodal endoscope system are 

described in detail in Chapter 2.   
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Chapter 2: Present Study 
 

Salpingoscope System Design 

 Presented below is a block diagram representing the overall salpingoscope system.  The 

salpingoscope system can be divided into three sections.  The salpingoscope design represents 

the distal end of the salpingoscope.  The salpingoscope interfaces with the proximal design.  The 

proximal design contains the main detectors and light sources for the system.  The proximal 

design interfaces with the software and data acquisition design.  This section contains several 

data acquisition boards and software for controlling the salpingoscope. 

 

Figure 7 System block diagram of overall salpingoscope system.  The system can be divided into three subsystems: 

the salpingoscope design, proximal design, and software and data acquisition design. 

Salpingoscope Design 

 Several personnel of our lab have designed a unique multimodal endoscope that 

combines OCT, MPM, and widefield imaging for detection of early stage cancer.  Deemed the 
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salpingoscope, this ambitious project strives to create an endoscope with the sensitivities 

required to detect small lesions in the fallopian tubes and ovaries.  This design is also minimally 

invasive and is no bigger than 3.5 mm in diameter.  The salpingoscope is to be inserted through 

the vaginal wall, into the peritoneal space (pouch of Douglas), to the ovaries and distal fallopian 

tubes (putative site of early ovarian cancer), reducing the need for general anesthesia.  By being 

flexible, navigation to the ovaries and fallopian tubes is much easier. 

 

Figure 8 Front view of the salpingoscope.  The ferrule of the salpingoscope contains the lens system for 

illuminating samples and collection of light for OCT and MPM.  12 collection fibers are used for collecting visible 

light for widefield mode.  Two pull wires control the direction the endoscope is face.  Two channels are available for 

biopsies and irrigation. 

 The salpingoscope is comprised of three sections: a biopsy channel, an irrigation port, 

and an optical system.  The biopsy channel is for collecting biopsied tissue that will be analyzed 

by histology and immunohistochemistry.  The irrigation port is for introducing dyes into the 
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body and rinsing distal optics.  It also helps with navigation to the ovaries by inserting fluid into 

the pouch of Douglas to get the fallopian tube fimbria to open.  The optical system is highly 

complex.  It is comprised of several fibers within a ferrule and lens set that is 1.55 mm in 

diameter.  This single lens set features two optical paths with different numerical apertures (NA).  

MPM and OCT mode utilize a high NA optical path for high resolution images.  Widefield mode 

utilizes a low NA optical path that has a wide field of view but low resolution for viewing of the 

visible spectrum.  Dichroic filters placed on the lens enable the two paths[43].  Proximal to the 

lens set is a dual clad fiber which provide illumination light for each imaging modality.  The dual 

clad fiber also collects light for OCT and MPM.  12 multimode fibers surround the tip of 

endoscope and are used for collecting light during widefield imaging.  Two pull wires are 

attached to each side of the ferrule to control the direction the endoscope is facing.  Tests were 

performed on this endoscope design to ensure that enough light could be collected for signal 

detection in a scenario like imaging the ovaries.   

 

Figure 9 Side view of the salpingoscope.  A dual clad fiber (DCF) is cantilevered to a piezo.  The piezo controls the 
scanning motions of the DCF. 

The dual clad fiber sits within a quartered piezo tube and is cantilevered out. Small, two-axis 

movements of the piezo are amplified by the fiber and create the scanning motions needed for 

imaging.  This system will be described in more detail in a later section. 



29 
 

Proximal Design 

 Because the endoscope utilizes multiple modalities, different optical systems need to be 

integrated into the proximal design of the endoscope.  This system needs to be operable in a 

clinical setting which puts priority on the proximal design to be compact and easily 

transportable.  This proximal hardware design was developed in collaboration with an optical 

engineer in our lab.  Sensors were chosen carefully for optimal data acquisition conditions. 

 Two light sources are used for this system.  A green laser (520 nm laser diode) is used for 

widefield imaging to allow for visible light navigation.  This diode is interchangeable for 

different types of colored light sources.  Green light was chosen because it is easily absorbed by 

hemoglobin, which enhances viewing of vasculature.  A compact fiber-based femtosecond laser 

developed by Dr. Khanh Kieu in the University of Arizona Optical Sciences is used for MPM 

and OCT mode.  This light source uses an excitation wavelength of 1350 nm with a bandwidth of 

±100 nm.  A large bandwidth allows for better depth resolution for OCT specifically.  For MPM, 

a 1350 light source can excite many types of markers.  In 2PEF, 1350 nm is halved to 675 ± 50 

nm which can excite methylene blue, an FDA approved contrast agent that produces high 

contract in mucosa. It can also excite other dyes such as Cy5.5 and Cy7. For 3PEF, the 1350 nm 

source is tripled to 450 ± 33 nm, which allows for normal and abnormal tissue to 

autofluorescence.  A wavelength division multiplexer (WDM) combines these two light sources 

into a single fiber.  Both excitation sources travel through the core of the dual clad fiber. 

Backscattered OCT and MPM light is transmitted in the dual clad fiber, whereas remitted 

widefield light is collected by separate fibers.  
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Figure 10 Widefield imaging subsystem layout.  Light from the 520 green diode source moves through the WDM 

and dual clad fiber coupler (DCFC) to the tip of the salpingoscope.  Light is collected from 12 multimode fibers and 

detected by a photodetector.  This signal is then read by a data acquisition board in the data acquisition system.  Two 

signals are sent from separate data acquisition boards in the data acquisition system to control the piezo. 

 Widefield is the simplest section of the system.  Light collected from the endoscope’s 12 

multimode fibers is read by a photodetector.  The detector current is converted to a voltage by a 

transimpedence amplifier, which is then read into the computer by a data acquisition board. 
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Figure 11 OCT subsystem layout.  The 1350 nm laser sends light through the circulator and 90:10 fiber coupler 

where the light is split into two paths.  The light reflects off a reference mirror in one path.  In the second path, the 

light goes through the WDM and DCFC to the tip of the salpingoscope.  Light collected by the core of the dual clad 

fiber goes back the same path and is interfered with the light reflected from the reference mirror.  The interfered 

signal moves to the circulator where it is then sent to a spectrometer.  The signal is then detected by the linear scan 

array camera and read by a frame grabber in the data acquisition system.  Only one signal is sent from the data 

acquisition system to the piezo driver. 

 SDOCT is used for this system for its faster imaging times and stationary reference 

mirror.  The 1350 light source is split into a reference arm and sample arm using a 90:10 fiber 

coupler.  The signal through the sample arm moves through the dual clad fiber and illuminates 

the tissue.  Reflected light is collected from the same dual clad fiber and follows the same path 

back to the 90:10 fiber coupler, where the sample arm signal interferes with the reflected signal 

of the reference arm.  A circulator diverts the signal to the detection arm consisting of a 

spectrometer and line scan camera. The camera signal is read by a frame grabber. 
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Figure 12 MPM subsystem layout.  Light from the 1350 nm laser source moves through the circulator, 90;10 fiber 

coupler, WDM, and DCFC to the tip of the salpingoscope.  MPM light is collected in the first cladding of the dual 

clad fiber and back through the DCFC.  The light is then collimated and filtered according to spectral range.  The 

light is then detected by various PMTs and read by a data acquisition board in the data acquisition system.  Two 

signals are outputted from separate data acquisition boards in the data acquisition system to the piezo driver for 

controlling salpingoscope scanning movements. 

 MPM is the most complex component of the proximal design.  The 1350 nm laser source 

excites the sample identically as for OCT.  However, the shorter wavelengths remitted by the 

tissue are collected in the inner cladding of the dual clad fiber. The signal is sent back to the dual 

clad fiber coupler where the MPM signal is separated into a multimode fiber.  This multimode 

fiber is collimated and sent through a series of dichroic mirrors and filters that separate the signal 

into four different signals based off their spectral ranges.  These signals correspond to the four 

sub methods of MPM used for this design: 2PEF, 3PEF, SHG, and THG.  Each of these four 

signals are detected by photomultiplier tubes (PMTs) that convert the optical signal into an 

electrical signal (voltage).  The voltage is read into the computer by a data acquisition board.  
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This entire system is compact so that it can fit on a simple cart for easy transportation through a 

clinic. 

Piezoelectric Actuator  

 Scanning motions of the salpingoscope are accomplished with a piezoelectric actuator 

attached to the distal end of the salpingoscope.  Our system uses a quartered piezo tube.  A 

cantilevered fiber is glued into the piezo and the piezo is attached to the endoscope ferrule via a 

small acrylic collar.  The piezo is 1 millimeter in diameter.  Small wires soldered to opposite 

pairs of electrodes patterned on the quartered piezo tube provide inputs that represent the x and y 

axis.  Applying different voltages and frequencies to each of these inputs using a piezo driver 

creates different scanning patterns.  The control signals for the piezo driver are generated by the 

computer and output on analog output channels of a data acquisition board.  Voltage and 

frequency can be adjusted by the user in the software which will be described in more detail in a 

later section.  Movement of the piezo is also constrained by the length, outer diameter, and wall 

thickness of the salpingoscope.  Piezos that can generate a maximum fiber tip deflection of ±400 

µm have been tested for possible integration into our system. 

 The piezo needs to move in a specific way for each modality.  For OCT, the piezo is 

moving along a single axis at a defined voltage and frequency.  The frequency is the first 

resonance of the cantilevered fiber, which in our system is designed to be at approximately 60 

Hz.  The fiber deflection amplitude is greatly enhanced when vibrating at resonance.  However, 

the overall movement of the piezo in resonance mode is actually a sinusoid, whereas for 

distortion-free imaging we would prefer a sawtooth pattern.  For MPM and widefield imaging, 

the scanning motion of the piezo is more complex.  The piezo moves along an x and a y axis.  

Movement along the y axis is slower than movement on the x axis.  The piezo fiber needs to be 
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moving at first harmonic along the y-axis.  Along the x-axis, the piezo needs to move at third 

harmonic, which is designed to occur at approximately 6,000 Hz.  The overall movement of the 

piezo in for MPM and widefield imaging mode can be described as a sinusoidal raster scan. 

 

Figure 13 Scanning motion of the piezo in MPM and widefield mode.  The piezo moves along two axes to create a 

sinusoidal raster scan.  Piezo motions widen during data acquisition.   

Detectors 

 This system contains several photodetectors that convert optical data into information the 

computer is capable of reading.  A simple photodiode will be used for detecting a light signal for 

widefield imaging.  This photodetector may be switched to a PMT if a photodiode is not efficient 

enough for light signal detection.  Four Hamamatsu PMTs are used to detect four different light 

signals for MPM.  The PMT used for detecting THG signals has increased sensitivity for shorter 

wavelengths.  The other three PMTs are the same model.  A member of our lab has designed a 

custom circuit so the gain of the PMTs can be individually adjusted. 
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 A highspeed line scan camera is necessary for detecting a signal from the spectrometer.  

The GL2048L line scan from Sensors Unlimited was chosen for our line scan camera.  The 

GL2048L can capture lines that are 2048 pixels in length.  This camera boasts a maximum high 

speed of 76,263 lines per second.  Its optical sensitivity reaches a range of 940 – 1680 nm, which 

encompasses the 1350 ±100 nm of our system’s light source.  The fast line rate enables the 

capturing of real time OCT images.  OCT signals captured by this camera are given as functions 

of wavelength.  These signals will need to be converted to functions of wavenumber through 

software before data processing is to occur.  Line-rate, exposure time, and gain can be adjusted 

through software too.  A frame grabber is required for reading data from the line scan camera.  

Data transferred from the camera to the computer are read as 16-bit values.  All data read from 

the PMTs and photodiode-based sensors is captured by a data acquisition board.  More detail on 

data acquisition will be given in future sections. 

Data Acquisition System Hardware 

 Several data acquisition boards are required for collecting data for multiple modalities.  

For OCT data acquisition, a frame grabber reads data from the line scan camera.  The PCIe-

1433, a frame grabber device developed by National Instruments (NI) for acquiring image data, 

was chosen for this process.  This board was chosen because it was recommended by Sensors 

Unlimited for communicating with the GL2048L camera.  The frame grabber is inserted into a 

PCIe slot in the computer chassis.  A SH68-68-EPM cable from NI connects the PCIe 1433 to 

the line scan camera.  The frame grabber acquires digital images in real time from the camera 

and transfers them into the CPU’s memory.  NI IMAQ, a vision acquisition software that can be 

used in conjunction with LabVIEW, is required for direct control of the PCIe-1433.  Data read 

from the PCIe-1433 are converted to an unsigned 16-bit word datatype. 
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 Two NI data acquisition boards are used for acquiring MPM and widefield data.  The 

PCI-6110 is a board that is inserted into the computer chassis through a PCI slot.  A SH68-68-

EPM cable connects the PCI-6110 to a NI BNC-2110 terminal block where connections for 

MPM and widefield detectors and outputs for the piezo driver are located.   The PCI-6110 was 

originally chosen for having four analog inputs and two analog outputs.  Each channel has a 

sample rate of 5 MS/s which is ideal for this application.  Data from the PMTs is read in by the 

PCI-6110 and converted to a 12-bit word that is written to the CPU’s memory.  As the system’s 

design progressed, it was decided that more digital triggers than the two the PCI-6110 offers 

were necessary for controlling the complex synchronization between modalities.  The NI PCIe-

6612, a counter/timer device, was added to the system and connected to the PCI-6110 with a 

777562-05 Extended RTSI Bus Cable.  The RTSI bus cable synchronizes timing between the 

two boards.  The PCIe-6612 added eight more digital triggers/counters to the system which was 

more than enough for our application.  Limitations were found using the PCIe-6612 though.  

Programming the timing and synchronization with the PCI-6110 and the PCIe-6612 became 

much more complex than originally anticipated.  It is anticipated that the two analog waveform 

outputs will have significantly different frequencies.  NI data acquisition boards generate analog 

output signals that use the same output buffer and clock.  The two waveform signals need to be 

completely independent of each other, requiring that one signal is outputted from a different data 

acquisition board.  These signals could be tied to the same clock via a RTSI cable.  Production of 

the waveform on two separate data acquisition boards removed the need to produce trigger 

signals that would continuously drive the waveform signals every time the trigger signal synced 

with the beginning of a new phase of the waveform.  Instead, only a single trigger for each 

waveform would be needed to initiate the piezo waveforms.  It was decided that the PCIe-6612 
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would need to be replaced with a data acquisition board that contained its own analog output 

channels and counters.  The PCIe-6321 was chosen to replace the PCIe-6612.  The PCIe-6321 

has two analog output channels and four counters, giving our system enough counters for our 

application.  The two data acquisition boards, connected by an RTSI cable, control data 

acquisition for the MPM and widefield subsystems and movement of the piezo. 

Software 

Software Requirements 

 Data acquisition for the salpingoscope system is very complex as different modalities 

utilize different hardware.  It was decided early on that LabVIEW would be the coding language 

used for the system’s software.  Several reasons contributed to this decision.  For one, LabVIEW 

is a language heavily focused on instrumentation and analysis of large amounts of data.  Most of 

the system’s hardware are NI devices that are built to have maximum compatibility with 

LabVIEW, a language developed by NI.  LabVIEW 2014 was specifically chosen as the coding 

platform for our system.  This was mainly chosen as LabVIEW 2014 is the suggested platform 

for communicating with the camera according to Sensors Unlimited.   

 The software for the salpingoscope system needs to fill several requirements.  The 

software will need three modes of operation that the user can switch between whenever 

necessary.  The three operation modes for the software correspond to the three imaging 

modalities of the salpingoscope system: OCT, MPM, and widefield imaging.  Depending on the 

mode of operation chosen by the user, the data acquisition device being read from will change.  

The piezo actuator will operate differently according to the operation mode as well.  Data will 

also be processed differently depending on the operation mode as each modality has different 

processing methods required to make the image comprehendible.  Overall, the software needs to 
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be easily accessible so that physicians in a clinic can learn and understand how to properly use 

the system.  Based off the above requirements, I drove the specifications for the data acquisition 

and software, and worked in collaboration with a LabVIEW expert and consultant to write the 

software. 

Piezo Movement 

 For control of the piezo’s movement, one or two analog signals are sent from the 

computer, through the PCI-6110 to the piezo driver.  As stated before, the piezo actuator operates 

differently according to the operation mode selected by the user.  There are certain parameters 

that the user will need to fill out in the software before beginning acquisition such as the 

frequency of the piezo in the x and y directions and the desired scanning distance.  The 

resonance frequencies of the piezo are by the geometry and materials for a given endoscope. The 

first, second, and third resonance frequencies are measured during testing, and the user can only 

choose one of those three frequencies.  The endoscope will be calibrated for determination of 

scanning distance (image lateral range) as a function of applied voltage, for each axis and 

harmonic. There is a maximum voltage of about 90V to avoid damage to the piezo. Scanning 

range will be converted by the computer into voltage needed, and will change the amplitude of 

the sinusoidal wave sent to the piezo driver. 

For OCT, the piezo only needs to move along one axis sinusoidally, meaning a single 

sinusoidal signal will be continuously sent from the PCI-6110 to piezo actuator.  The user will 

need to go to the Configuration tab of the software’s graphical user interface (GUI) and select the 

OCT tab.  Under the OCT tab, the user can select the frequency and the scanning distance the 

piezo will move.  They will also need to select an analog output channel associated with the 

piezo actuator.  Once tests are performed on the system using our piezo actuator to measure the 
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harmonic frequencies and maximum scanning distance the system is capable of, the code will be 

altered to place limits on these parameters based off these values.  The ideal frequency for OCT 

mode will be relatively slow.  As of now it is estimated that the OCT piezo frequency will be 

approximately 60 Hz.   

The piezo will move along two axes for MPM and widefield imaging.  Two sinusoidal 

signals are continuously outputted from the analog outputs of the PCI-6110 and PCIe-6321to the 

piezo actuator.  When the signals are received, the piezo will move in formation similar to a 

raster scan.  This raster scan is more sinusoidal in appearance than a typical raster scan because 

of the sinusoidal signals sent to the piezo.  The two axes the piezo moves will be deemed as a 

slow piezo axis and a fast piezo axis.  The slow piezo axis is associated with piezo movement in 

the y-direction while the fast piezo axis is associated with piezo movement in the x-direction.  

Most of the data will be collected along the x-axis, requiring the faster frequency.  Again, the 

user can adjust the frequency and scanning distance of each axis through the software.  To alter 

these parameters, the user will need click the Configuration tab on the GUI.  From there they 

select either the MPM or Widefield tab.  Parameters under both tabs are identical to each other so 

the user will need to select a tab that corresponds to the operation mode they are using.  Limits 

will eventually be added to the code for frequency and scanning distance inputs.  It is estimated 

based on mathematical modeling of our system that the slow piezo axis will have an output 

frequency of approximately 60 Hz while the fast piezo axis will have an output frequency of 

approximately 6 KHz. 

Data Acquisition Timing 

 Timing and synchronizing data acquisition between multiple modalities and movement of 

the piezo is the most complicated component of the software.  This task requires specialized 
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digital signals called triggers and counters that communicate with the digital I/O ports of the 

acquisition boards.  Triggers are digital inputs that ‘trigger’ the start of acquisition processes.  

Counters are used to synchronize complex signal measurements.  Counters are used to count 

digital edges to synchronize the data acquisition from the various detectors and the piezo 

actuator.  They also measure frequency or period of an inputted signal.  Counters can also be 

used to generate timing signals to synchronize events.  In this mode, the counter is driven by 

onboard clock of the data acquisition board.   

Table 1 Table representing the signals produced for timing and synchronization for data acquisition and which data 

acquisition hardware device they are associated with. 

 PCI-6110 PCIe-6321 PCIe-1433 

Slow Piezo Waveform   X  

Fast Piezo Waveform X   

OCT Delay Counter  X  

Camera Counter Trigger   X 

DAQ AI X   

MPM/Widefield Delay Counter X   

Slow Piezo Gate  X  

 

For each modality, several digital triggers/counter signals are used to sync data 

acquisition with the rising, most linear portion of the piezo waveform sent from the PCI-6110 

and PCIe-6321 analog outputs.  The counter signals are divided amongst the two data acquisition 

boards.  The timing is based off the onboard digital clock of the PCI-6110.  Data acquisition 

begins when the user presses the ‘Start Acquisition’ button on the GUI.  The user will need to 

select their desired operation mode and fill out all necessary parameters before beginning 
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acquisition.  To end data acquisition, the user will click the same button, now labelled ‘Stop Data 

Acquisition’.  Processing of already acquired data will continue after acquisition has stopped. 

 

Figure 14 Timing signals for control of data acquisition in OCT mode.  Two counter signals are used.  The delay 

counter causes data acquisition to occur on the rising, most linear portion of the slow piezo waveform.  The counter 

trigger tells the line scan camera to collect a certain number of image columns while the waveform is at this region.  

All timing signals are run under the same clock.  T refers to the waveform’s period while d represents the region 

where data is collected. 

 OCT data acquisition requires two signals sent from the data acquisition boards.  All 

signals are tied to a master clock to prevent any jitter in the piezo signal.  A continuous 

waveform, referred to as the slow piezo waveform, is initiated once the user presses the ‘Begin 

Data Acquisition’ button.  This waveform is constructed of n number of samples per cycle, 

which is a parameter set by the user.  The more samples there are, the better defined the 

waveform will be.  A coarse waveform constructed with minimal samples will cause the piezo to 

not move in the desired formation.  A defined waveform also creates higher fidelity for 
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determining when data acquisition periods begin.  The step size between waveform samples is 

defined by the following equation. 

𝑠𝑡𝑒𝑝 𝑠𝑖𝑧𝑒𝑂𝐶𝑇 =  
(

1
𝑠𝑙𝑜𝑤 𝑝𝑖𝑒𝑧𝑜 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

)

(
𝑠𝑙𝑜𝑤 𝑝𝑖𝑒𝑧𝑜 𝑠𝑎𝑚𝑝𝑙𝑒𝑠

𝑐𝑦𝑐𝑙𝑒
)

=  
𝑇𝑠𝑙𝑜𝑤

(
𝑠𝑙𝑜𝑤 𝑝𝑖𝑒𝑧𝑜 𝑠𝑎𝑚𝑝𝑙𝑒𝑠

𝑐𝑦𝑐𝑙𝑒
)
 

The slow piezo waveform is produced on the PCIe-6321 and will continuously be sent 

from the PCIe-6321 to the piezo until the user clicks the ‘Stop Data Acquisition’ button.  A delay 

counter is necessary to ensure that data collection occurs on the rising, most linear portion of the 

waveform.  Data collected in that region creates images with limited distortion.  Collection of 

data in other regions will lead to some image distortion, which would require remapping.  

Having a limited collection region causes the system to be inefficient.  In OCT mode, the 

system’s duty cycle is approximately 25%.  This low duty cycle is tolerable for our current 

application because image remapping creates more of a burden on our system and would slow 

down processing time, and because the low duty cycle allows plenty of time for the necessary 

wavelength to wavenumber conversions and Fourier transforms.  Efficiencies can be 

implemented in the future for clinical use.  The delay counter signal for OCT mode is sent from 

the PCIe-6321.  The delay counter signal requires two counters from the PCIe-6321 to produce 

the signal seen in Figure 13.  The rising edge of the delay counter is synced with the phase the 

slow piezo waveform.  The location of the falling edge to the slow piezo waveform is used to 

determine when the data acquisition period should start.  The width of the pulses is adjustable so 

that data acquisition falls within the rising, linear region.  For example, if many image columns 

(i.e. number of lines collected from the line scan camera) are to be read into the system, the 

width of the pulses adjust to become smaller so those image columns fall in the desired region.  
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The width of the pulses can be increased or decreased by n amount of step sizes.  The delay 

counter signal is sent over the backplane of the PCIe-6321 to the PCIe-1433 and eventually to 

the camera.  The counter trigger signal represents how the camera acquires image columns.  

When the falling edge of delay counter falls under a rising, linear region, the camera collects a 

number of image columns specified by the user.  The length of the acquisition period is 

determined by the number of image columns that will be collected.  As the camera is reading in 

various image columns, the software combines these image columns into a single frame that is n 

by 2048 pixels in size before processing. 

 

Figure 15 Timing signals for control of data acquisition in MPM and widefield mode.  The slow waveform and fast 

waveform are triggered simultaneously.  The delay counter causes data acquisition to occur on the rising, most linear 

portion of the fast piezo waveform.  The slow piezo gate makes sure that a rising, linear period of the fast period 

syncs with a rising, linear period of the slow piezo waveform.  During the data acquisition period, the DAQ AI 

trigger acquires n number of samples from each of the analog inputs.  All timing signals are synced to the same 

clock. 
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MPM and widefield mode require three counter signals.  The slow and fast piezo 

waveforms are initiated simultaneously when the user presses the ‘Begin Data Acquisition’ 

button.  The waveforms are produced on separate data acquisition boards to keep the signals 

completely independent of each other while synced to the same clock.  The user will need to set 

how many samples per cycle there are for each waveform.  More samples per cycle leads to a 

more defined waveform, but because the fast piezo waveform is operating at higher frequencies 

and hardware limitations, this waveform cannot be comprised of as many samples.  This 

inevitably creates a coarser fast piezo waveform.  Because data acquisition is heavily influenced 

by the fast piezo in MPM/widefield mode, the step size for fast piezo samples is used to define 

acquisition delay for the MPM delay counter.  The step size between fast piezo samples is 

defined by the following equation.   

𝑠𝑡𝑒𝑝 𝑠𝑖𝑧𝑒𝑀𝑃𝑀/𝑊𝑖𝑑𝑒𝑓𝑖𝑒𝑙𝑑,𝑓𝑎𝑠𝑡 =  
(

1
𝑓𝑎𝑠𝑡 𝑝𝑖𝑒𝑧𝑜 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

)

(
𝑓𝑎𝑠𝑡 𝑝𝑖𝑒𝑧𝑜 𝑠𝑎𝑚𝑝𝑙𝑒𝑠

𝑐𝑦𝑐𝑙𝑒
)

=  
𝑇𝑓𝑎𝑠𝑡

(
𝑓𝑎𝑠𝑡 𝑝𝑖𝑒𝑧𝑜 𝑠𝑎𝑚𝑝𝑙𝑒𝑠

𝑐𝑦𝑐𝑙𝑒
)
 

The step size between slow piezo samples is defined by the step size equation for OCT 

mode.  The step sizes for the slow piezo waveform define the width of the pulses of the slow 

piezo gate signal. 

Similar to OCT mode, the slow piezo waveform is continuously sent from the PCIe-6321 

to the piezo.  In MPM and widefield mode, this signal controls the piezo’s movement along the 

x-axis.  The fast piezo waveform is a continuous signal produced by the PCI-6110.  This signal is 

sent to the piezo for movement along the y-axis.  Data acquisition periods are synced to both the 

slow and fast waveforms.  Data must still be acquired in regions where the waveforms are most 

linear and rising.  A data acquisition period begins when the falling edge of the delay counter 
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signal is within the rising regions of both the fast and slow waveforms.  Within this period, data 

is only acquired when both the slow and fast waveforms are rising.  Data acquisition in MPM 

and widefield mode is more inefficient than OCT mode with a duty cycle of approximately 6%.  

Again, this is tolerable for our application but will need to be improved in the future.  The delay 

counter signal for MPM and widefield mode seen in Figure 14 is produced by two counters on 

the PCIe-6110 instead of the PCI-6321.  This signal is synced with the rising, linear regions of 

the fast piezo waveform.  Like before, the width of the pulses are adjustable to help data 

acquisition occur in our desired region and the width is defined by n number of step sizes.  The 

delay counter signal triggers the DAQ AI trigger.  The slow piezo gate signal syncs with rising, 

linear region of the slow piezo waveform.  The signal goes high whenever the slow piezo 

waveform is rising.  When the rising regions of the slow and fast waveforms sync, the PCI-6110 

begins collecting n data points from it’s analog input channels.  The number of data points 

collected per channel is determined by user input.  Collected data is combined into arrays and 

then converted to images for each channel. 

For all operation modes, data collection must fall within the rising, most linear regions of 

the waveforms.  Number of data points collected is currently based on user input.  The user must 

input a feasible number so that data acquisition stays within these regions to avoid distortion.  

The software will constrain the maximum for data points acquired in future iterations. 

  OCT Calibration 

 The salpingoscope system requires calibration before acquiring any data.  High 

background signal can negatively impact the reading of the OCT signal.  To limit the effect of 

background noise on the data, the background will need to be subtracted.  The user will need to 

acquire a background image to use for the subtraction process.  The background image is 
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acquired by collecting an OCT image while the endoscope is in a water bath and covered in a 

black cloth.  Once saved, the path where the background image is located is inputted by the user 

under ‘OCT Background Image Path’.  More detail on how the software accomplishes 

background subtraction will be described in Data Processing. 

 Resampling data is another aspect of calibration.  Data from the spectrometer is given as 

a function of wavelength.  To convert the data to an OCT axial scan, the signal must be 

resampled to be evenly spaced with respect to wavenumber.  Linear interpolation is used for the 

resampling process using the following equation: 

𝑆(𝑘𝑠) =  
𝑆(𝑘𝑛) − 𝑆(𝑘𝑛−1)

𝑘𝑛 − 𝑘𝑛−1
 (𝑘𝑠 −  𝑘𝑛−1) + 𝑆(𝑘𝑛) 

 S(ks) refers to the desired sample value that occurs at wavenumber ks.  ks also 

corresponds to pixel data read into the software.  The value ks is between the two sampled values 

kn and kn-1.  Therefore, S(ks) occurs on a line drawn between S(kn) and S(kn-1).  This equation is 

simplified further to describe S(ks) in terms of a weighted values.   

𝑆(𝑘𝑠) = 𝑊1𝑆(𝑘𝑛) + 𝑊2𝑆(𝑘𝑛−1) 

 MATLAB code written by a member of our lab is used to determine weighted values W1 

and W2 and the indices required to form the line in terms of wavenumber based off the 

background image collected previously.  The MATLAB code outputs an array of weighted 

coefficients and indices and saves the data as a .txt file.  These values are read into the LabVIEW 

software for the resampling process. 
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Data Processing 

 As data is acquired, collected data is placed in a buffer in the CPU’s memory and moved 

through a processing and image analysis loop.  Image analysis occurs simultaneous to data 

acquisition and continues processing data until no other images are left in the buffer.  Each 

imaging modality requires different processing methods to make the image readable for the user.  

When the user selects their operation mode, the software adjusts its data processing methods.   

 For OCT mode, a driver package specifically for image acquisition called NI-IMAQ was 

required for any data acquisition and processing from the line scan camera in LabVIEW.  IMAQ 

images are a unique image data type to LabVIEW.  When using IMAQ data types, LabVIEW 

requires that an image buffer is created in the CPU’s memory for the IMAQ image to go in.  An 

IMAQ data type is a reference to the specific memory location where the image is stored, rather 

than the actual image itself.  This prevents images from taking up a significant amount of 

memory during processing.  Data stored in memory locations are constantly changing, therefore 

several precautions were necessary to avoid buffer errors.  This put constraints on the overall 

code as variables carrying IMAQ image data cannot be called at certain locations in the software 

without disrupting the buffer.   

 As 1x2048 pixel image columns are read from the camera, the software combines these 

image columns together into a single image.  The number of image columns per image is a 

parameter set by the user.  Once combined, a background image uploaded by the user prior to 

data acquisition is subtracted from the image from the camera.  The background image is resized 

to match the size of the camera image.  The image is then converted to a numerical array to 

speed up processing time.  The numerical array is disassembled into columns.  Each column 

undergoes a Fourier transform and is recombined into a whole array again.  All imaginary values 
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are discarded.  An array containing all real values after the Fourier transform are displayed on 

the GUI.  The computer cannot display a 16-bit image, so the data must be remapped.  Taking 

the log of the data, dividing all values by the largest value in the array, and multiplying all values 

by 255 puts the data in a format that can be viewed on an 8-bit display.  The numerical array is 

converted back into an IMAQ image data type again and displayed on the GUI.  The user can 

also save the last image collected and processed. 

 MPM and widefield mode share similar data analysis processes.  For MPM mode, each 

PMT detects data that corresponds to 2PEF, 3PEF, SHG, or THG.  Like OCT, data analysis 

occurs simultaneous to data acquisition and continues even after data acquisition has stopped 

until everything has been processed.  The data from each PMT is read through different analog 

input channels on the PCI-6110.  Data from each PMT is simultaneously processed and 

displayed on the GUI.  As numerical data is read into the computer, the data is sorted into an 

array.  Data points collected during a sweep of the fast piezo waveform make up a single row of 

the array.  After a slow piezo waveform sweep, multiple rows are combined into a 2D array.  The 

size of this array is determined by the number of samples collected during an acquisition period.  

Raw numerical data is displayed on the GUI.  The 2D array is then converted to an IMAQ image 

type and undergoes contrast and brightness adjustments before being displayed on the GUI.  

Default values are set for the contrast and brightness adjustments but can be changed by the user 

prior to data acquisition.  Contrast and brightness can further be adjusted for the final collected 

image once data acquisition has stopped.  Data collected in widefield mode undergoes the same 

processing methods.  Data is only detected from the single photodiode, meaning one analog input 

channel from the PCI-6110 reads data to the computer.  Images in widefield mode will have a 

lower resolution than images in MPM mode. 
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Testing 

Control Signals 

 Several tests were implemented to verify the validity of the salpingoscope data 

acquisition system.  An oscilloscope was connected to the data acquisition system to detect the 

system’s signal outputs. 

For OCT mode, the oscilloscope was set to detect the slow piezo waveform signal from 

the analog output of the PCIe-6321.  The oscilloscope was also set to detect the OCT delay 

counter signal from a counter output of the PCIe-6321.  On the software’s graphical interface the 

slow piezo waveform signal was set to 1000 samples per period with a frequency of 59 Hz.  The 

delay counter signal pulses were set to be 200 samples wide.  Following the step size equation 

for OCT mode, the step size between each sample was calculated to be 16.9 µs.  A phase delay 

of -35° was used so the falling edge of the OCT delay counter coincided with the start of the 

rising, linear region of the slow piezo waveform.  The camera trigger signal could not be 

displayed on the oscilloscope because it is not produced by the data acquisition system.  It is a 

signal that represents a process controlled by the line scan camera’s own internal hardware. 
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Figure 16 OCT control signals displayed on an oscilloscope.  Signal A represents the slow piezo waveform signal 

that controls one dimensional movement of the salpingoscope.  Signal B is the OCT delay counter signal.  The 

falling edge of the OCT delay counter occurs at the rising, linear region of the slow piezo waveform. 

 For MPM mode, the oscilloscope was set to detect signals from the PCIe-6321 and PCI-

6110.  An initial setup was used to detect the slow piezo waveform signal and slow piezo gate 

signal from the PCIe-6321 and the fast piezo waveform signal from the PCI-6110.  On the 

graphical interface the slow piezo waveform signal was set to be 1000 samples per period with a 

frequency of 59 Hz.  The step size for the slow piezo waveform was 16.9 µs, the same as it was 

for OCT mode.  Using the MPM step size equation for the fast piezo waveform, the step size was 

calculated to be 1 µs.  The fast piezo waveform was set to be 200 samples per period with a 

frequency of 5000 Hz.  The slow piezo gate signal was set to be 200 samples wide per pulse.  A 

phase delay of -45° was set so the slow piezo gate signal was high within the rising, linear 

portion of the slow piezo waveform.   
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Figure 17 MPM control signals displayed on an oscilloscope.  Signal A represents the slow piezo waveform signal.  

Signal B represents the fast piezo waveform signal.  Signal C represents the slow piezo gate signal.  The slow piezo 

gate signal is high when the slow piezo waveform signal is in its rising, most linear region. 

 The system was then set up to detect the fast piezo waveform signal and MPM delay 

counter signal from the PCI-6110 and slow piezo gate signal from the PCIe-6321.  Settings were 

not changed for the fast piezo waveform and slow piezo gate signal from the previous setup.  The 

MPM delay counter was set to be 20 samples wide. 
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Figure 18 MPM control signals displayed on an oscilloscope.  Signal A represents the fast piezo waveform.  Signal 

B represents the slow piezo gate signal.  Signal C represents the MPM delay counter signal.  The falling edge of the 

MPM delay counter signal occurs when the fast piezo waveform reaches its rising, most linear region.  The MPM 

delay counter signal is synchronized to also occur when the slow piezo gate signal is high. 

Overall, the control signals displayed on the oscilloscope match the signals shown in Figures 14 

and 15.  The longer the software ran though, the more likely desynchronization happened between 

signals.  Desynchronization was more likely to happen in MPM if samples to be read was set to a high 

value, such as 1000 samples.  Delay with the data acquisition boards may have also contributed to 

desynchronization. 

Processing 

 Though the salpingoscope itself was not yet constructed during testing of the data 

acquisition system, the OCT image processing capabilities were tested using noise that was 

detected by the line scan camera.  Figure 19 demonstrates a raw image read by the camera 
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undergoing image processing which includes background subtraction and a Fourier transform.  A 

background image was created for testing purposes.  In actual applications the background image 

will be an OCT image itself. 

 

Figure 19 Frame taken from line scan camera that has undergone image processing.  Image a is the raw OCT image 

read into the data acquisition system.  Image b is a test background image.  In actual applications, the background 

image would be an OCT image taken without a tissue sample present.  Image c is the raw image once the 

background image has been subtracted from it.  Image d is the image after a Fourier transform and further 

remapping has occurred. 

 To further test OCT image processing, an extra mode of operation exists called “Testing” 

mode.  In testing mode, data is not acquired from the line scan camera.  Instead, the system reads 

in already acquired OCT frames from a directory set by the user.  It is necessary for the images 

to be raw OCT images to test image processing capabilities.  This mode was not used extensively 

while testing the data acquisition system as raw OCT images that were compatible with the 

system were not available at the time for testing.   
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 Further tests will need to be implemented for the data acquisition system as the proximal 

design and salpingoscope design are built and incorporated into the overall system.  These tests 

will include testing piezo movements and testing MPM and widefield processing.  

Discussion 

 Ovarian cancer is difficult to diagnose in its early stages because the regions of 

carcinogenesis, the ovaries and fallopian tubes, are difficult to image.  OCT, MPM, and 

widefield imaging are complementary optical modalities that are capable of imaging early stage 

ovarian cancer.  All three of these modalities can easily be miniaturized for endoscopic use as 

well.  OCT can be used to view cross-sectional tissue information within the fallopian tubes and 

assess the health of the tissue.  MPM utilizes exogenous and endogenous fluorophores associated 

with cancerous tissue to identify lesions.  Widefield imaging is a standard imaging modality for 

endoscopes and is sufficient for navigating an endoscope through the fallopian tubes.  The 

salpingoscope, our endoscope designed for early stage ovarian cancer detection, requires 

complex software for system control and data acquisition.  Several photodetectors, NI data 

acquisition boards, and software built in LabVIEW 2014 are the basis for data acquisition and 

analysis for our system.  Though the basis for our software is laid out, there is still much work 

left to be done to define the function and limitations of our system. 

Data acquisition efficiency is low for each of the three modalities.  This low efficiency is 

because data is only acquired when the delay counter signal syncs with the rising, most linear 

portion of the slow and/or fast piezo waveforms.  Having this small collection region lowered 

efficiency but removed the need for remapping the data to remove image distortion.  Lowered 

efficiency also means that data is acquired at a slower rate.  However, slower data acquisition 

gives the system more time to process incoming data.  For OCT mode specifically, wavelength 
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to wavenumber conversions and performing Fourier transforms are time consuming processes.  

Even with lowered efficiency, this large processing time puts a strain on the buffer as more data 

is acquired than it is processed.  If the software is run for too long, the computer would 

eventually run out of memory.  If processing times were sped up, several methods could be used 

to increase the efficiency of the system.  Rather than acquiring on only the rising, most linear 

portion of the waveforms, acquisition could also occur where the waveform is falling and most 

linear.  Data collected in this region would be flipped.  Code would need to be written to flip the 

data collected in this region to the correct orientation.  This method would double the duty cycles 

for each modality, though MPM and widefield mode will always have a lower duty cycle than 

OCT mode.   

As stated before, increased efficiency is contingent on processing times becoming faster, 

or minimizing the speed gap between data acquired and data processed, specifically for OCT 

mode.  A proposed method for minimizing this gap in OCT mode is to slow the data acquisition 

process itself.  The camera would be triggered less often, giving more time for data to be 

processed.  Though acquisition is slower, duty cycle would not be affected.  Another proposed 

method is to create a separate program for post-processing.  This method is not ideal though 

because it removes the ability for a clinician to view information in real time.  The current 

software could be altered to include several parallel image analysis processes to speed up 

processing time.  This change would have to be done carefully to avoid buffer disruptions.  

Changing system hardware could also be done to increase processing times.  Adding a LabVIEW 

programmable FPGA that would take up some of the data processes, like Fourier transforming 

incoming data, would dramatically decrease processing time.  Future iterations of the software 

will need to focus heavily on decreasing data processing times. 
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Looking forward, the software will need to be adjusted to prevent desynchronization of 

control signals.  As of right now, if the program is run longer than five minutes, the chance of 

desynchronization happening between control signals increases.  Delayed responses from the 

data acquisition boards could be contributing to this problem.  The software will also need to be 

tested with the entire salpingoscope system setup.  The salpingoscope has yet to be constructed, 

so the software has not been tested with the piezo actuator.  Once the salpingoscope has been 

constructed, the code will most likely need adjustments to accommodate actual deflections of the 

piezo.  Certain aspects of the proximal design have not been set up either.  The basis for data 

acquisition and processing has been set up for MPM and widefield mode, but at this point in time 

the PMTs required for data acquisition have not been set up.  The photodetector for widefield 

mode has not been selected yet also.  Either photodiode or another PMT will be chosen as the 

photodetector depending on the photodiode’s efficiency at detecting light signals.   

The software will also need to be adjusted to be more user friendly.  The current iteration 

of the software allows for the user to adjust certain parameters that are not intended to be 

changed.  For example, the frequencies of the waveforms sent to the piezo can be set by the user.  

The frequencies of the slow and fast waveforms necessary for achieving our desired scanning 

motions are still being determined.  Those parameters are only adjustable to make the testing 

phases easier.  Once known, the waveform’s frequencies will be hardcoded into the software and 

not visible for the users to change.  Currently, the user can select any number of samples they 

want to collect during data acquisition.  This puts the system at risk of collecting too many 

samples per acquisition period, pushing data acquisition to occur beyond the most rising, linear 

region of the waveforms and cause distortion or desynchronization of signals.  A limit for 

samples collected per acquisition period will need to be set to prevent this. 
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