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ABSTRACT 

 

This study investigates three high resolution optical imaging modalities to better detect 

and diagnose skin cancer.  The ideal high resolution optical imaging system can visualize 

pre-malignant tissue growth non-invasively with resolution comparable to histology.  I 

examined 3 modalities which approached this goal.  The first method examined was high 

magnification microscopy of thin stained tissue sections, together with a statistical 

analysis of nuclear chromatin patterns termed Karyometry.  This method has subcellular 

resolution, but it necessitates taking a biopsy at the desired tissue site and imaging the 

tissue ex-vivo.  My part of this study was to develop an automated nuclear segmentation 

algorithm to segment cell nuclei in skin histology images for karyometric analysis.  The 

results of this algorithm were compared to hand segmented cell nuclei in the same 

images, and it was concluded that the automated segmentations can be used for 

karyometric analysis. 

The second optical imaging modality I investigated was Optical Coherence Tomography 

(OCT).  OCT is analogous to ultrasound, in which sound waves are delivered into the 

body and the echo time and reflected signal magnitude are measured.  Due to the fast 

speed of light and detector temporal integration times, low coherence interferometry is 

needed to gate the backscattered light.  OCT acquires cross sectional images, and has an 

axial resolution of 1-15 µm (depending on the source bandwidth) and a lateral resolution 

of 10-20 µm (depending on the sample arm optics).  While it is not capable of achieving 

subcellular resolution, it is a non-invasive imaging modality.  OCT was used in this study 
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to evaluate skin along a continuum from normal to sun damaged to precancer.  I 

developed algorithms to detect statistically significant differences between images of sun 

protected and sun damaged skin, as well as between undiseased and precancerous skin. 

An Optical Coherence Microscopy (OCM) endoscope was developed in the third portion 

of this study.  OCM is a high resolution en-face imaging modality.  It is a hybrid system 

that combines the principles of confocal microscopy with coherence gating to provide an 

increased imaging depth.  It can also be described as an OCT system with a high NA 

objective.  Similar to OCT, the axial resolution is determined by the source center 

wavelength and bandwidth.  The NA of the sample arm optics determines the lateral 

resolution, usually on the order of 1-5 µm.  My effort on this system was to develop a 

handheld endoscope.  To my knowledge, an OCM endoscope has not been developed 

prior to this work.  An image of skin was taken as a proof of concept.  This rigid 

handheld OCM endoscope will be useful for applications ranging from minimally 

invasive surgical imaging to non-invasively assessing dysplasia and sun damage in skin. 

   

 

  



16 
 

INTRODUCTION 
 

The goal of optical imaging in skin cancer research is to detect pre-malignant lesions that 

are not observable by visual inspection, and to assess the extent of sun damage.  This can 

be done using a variety of optical imaging modalities.  A few categories of these 

modalities are macroscopic imaging, diffuse optical imaging, singly scattered light 

imaging, and nonlinear optical imaging.  These techniques rely on reflectance, 

absorption, fluorescence, or bioluminescence as the source of contrast.  Each imaging 

modality has advantages and disadvantages, which are discussed below.   

Wide field macroscopic imaging uses white light illumination with a low magnifying 

power instrument to visualize a large area of tissue.  With this type of imaging, there is a 

general tradeoff between field of view and resolution.  A low magnification system 

provides a large field of view, but resolutions on the order of hundreds of microns.  

Higher magnification systems provide resolutions on the order of tens of microns, but 

with a limited field of view.  One example of a macroscopic imaging system is a 

dermatoscope, which is a handheld device that uses a medium power fluid immersed 

objective to directly examine and image the epidermis and papillary dermis1. 

Diffuse optical imaging uses multiply scattered visible and near-infrared (NIR) light to 

obtain information about the scattering and absorption coefficients in tissue2.  In this 

wavelength range, light may be absorbed by oxyhemoglobin, deoxyhemoglobin, 

methemoglobin, and cytochrome.  Hemoglobin provides indication of blood volume and 

oxygenation, while cytochrome enzymes are capable of performing oxidation and 
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reduction, thereby indicating tissue oxygenation levels.  The scattering coefficient of 

tissue is generally much larger than the absorption coefficient, µa, therefore dominating 

the signals measured.  Diffuse imaging has shown promise in imaging functional brain 

activity and breast cancer3, and in measuring optical properties of skin.  Resolutions 

obtained with diffuse imaging are on the order of millimeters, which may not compete 

with resolutions obtained using techniques such as MRI or ultrasound, but diffuse 

imaging offers advantages such as sensitivity to functional changes, safety, and cost.  The 

reconstruction algorithms used in diffuse optical tomography often make assumptions 

about tissue homogeneity and large distances from tissue boundaries, making it less well 

suited for skin imaging. 

Optical techniques unlike diffuse optical imaging ideally create an image using photons 

that have undergone none or a single scattering event.  High magnification microscopy of 

thin stained tissue sections, called histology, is considered the gold standard in imaging 

pre-malignant lesions.  Once a biopsy is taken, there are two ways to fix the tissue to 

prevent degradation and maintain cellular structure.  The most common method is 

chemically fixing tissue using a 10% neutral buffered formalin.  Tissue can also be fixed 

quickly using a method called frozen sectioning, in which the tissue is placed in a 

cryostat.  Frozen sectioning is generally used in surgical removal of tumors to allow 

determination of the tumor boundary.  The fixed or frozen sections are then placed in a 

microtome, which can slice tissue from 2 to 25 µm thick.  These slices are mounted on a 

glass slide and stained to enhance contrast.  The most common stain used in histology is 

hematoxylin and eosin (H&E), which stains cell nuclei blue and cell cytoplasm pink. 
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Optical Coherence Tomography (OCT), Optical Coherence Microscopy (OCM) and 

reflectance confocal microscopy are three more types of singly scattered light imaging 

techniques.  OCT uses low coherence interferometery to time gate photons of interest4.  

OCT is analogous to ultrasound, in which sound waves are delivered into the body and 

the echo time and reflected signal magnitude are measured.  Although the imaging depth 

of OCT is limited to 2 mm, high axial resolution of 1-15 µm and lateral resolution of 10-

20 µm are achievable.  OCT has filled a niche imaging need in opthamology, where it is 

used to non-invasively image retinal structure layers.  Currently OCT is used for high 

resolution imaging of the vitreoretinal interface5, including detection of macular edema 

and macular holes6.  It is also used to monitor the retinal nerve fiber layer thickness and 

optic nerve head parameters in glaucoma patients7.  OCT has shown potential in 

cardiology in imaging atherosclerotic plaque morphology in the coronary arteries8.  OCT 

has also shown promise in imaging tissue microstructure and neoplastic growth in many 

areas including gastroenterology9,10, the upper respiratory tract11, Barret’s esophagus12, 

and dermatology13.       

OCM is an en-face imaging modality that combines high numerical aperture optics of a 

confocal microscope with a coherence gate.  It has higher lateral resolution than OCT, 

with a penetration depth of about 600 µm, greater than that of confocal microscopy.  The 

axial resolution is similar to OCT, but the lateral resolution is about 3 µm, approaching 

that of histology.  OCM has been used to image a fixed xenopus laevis tadpole14,  oral 

neoplasia15, and human skin16. 
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Reflectance confocal microscopy is a higher resolution en-face imaging modality that is 

also used to detect and identify disease.  The focal point in the sample is imaged back to a 

pinhole which aids in rejecting out of focus backscattered light, or photons that have 

undergone multiple scattering events.  Even with the use of pinhole imaging, confocal 

microscopy is limited to a penetration depth of a few hundred microns in highly 

scattering tissue.  Confocal microscopes have achieved diffraction limited lateral 

resolutions of 0.5 µm, and have shown promise in imaging skin dysplasia17, and cervical 

precancerous lesions18.  The commercially available Vivascope 1000 manufactured by 

Lucid (Henrietta, NY) has been used to image actinic keratosis19.  Fluorescence emission 

can also be measured in confocal microscopy. 

Nonlinear optical imaging techniques include multi-photon microscopy, second harmonic 

microscopy, and coherent anti-stokes raman microscopy (CARS), among others.  Multi-

photon microscopy has improved optical sectioning capabilities compared to 

fluorescence confocal microscopy.  Fluorescent molecules are raised to an excited state 

through near-simultaneous absorption of 2 or more photons, each with a fraction of the 

energy of the corresponding single photon transition20.  This nonlinear process only 

occurs at the focus of an ultrafast pulsed laser beam that provides the required high 

photon flux.  Therefore, fluorescence originates only at this three dimensional focal point, 

avoiding generation of out-of-focus light.  Specialized techniques in multi-photon 

microscopy have achieved resolutions better than the diffraction limit, and have shown 

promise in investigating tumor pathology.   
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Second harmonic microscopy is another nonlinear optical imaging modality, in that the 

optical nonlinearity occurs in endogenous molecules that lack inversion symmetry.  This 

invokes second harmonic generation (SHG), or the generation of light at twice the 

frequency of the incident light.  Similar to multi-photon microscopy, SHG only occurs at 

the three dimensional focal point enabling excellent optical sectioning capabilities.  

Second harmonic microscopy has been used to study fibrillar collagen, which is a key 

component of the tumor microenvironment21. 

CARS is a third order nonlinear process that drives specific transitions in the molecular 

vibrational spectra of a sample22.  When a system absorbs a photon, then emits a photon 

with less energy than the absorbed photon (via fluorescence or Raman), this energy 

difference is called a Stokes shift.  If the emitted photon has more energy than the 

absorbed photon, it has been anti-Stokes shifted.  This rare event occurs when the emitted 

photon gains additional energy from excited vibrational levels within the ground state.  

CARS can be stimulated by using two laser beams, a pump beam and a Stokes beam such 

that their frequency difference matches that of a molecular vibration of interest.  This will 

generate a strong signal at the anti-Stokes frequency.  Off-resonance transitions are not 

excited allowing specific molecular species to be selectively imaged within a complex 

microenvironment without exogenous labeling.  Similar to the other nonlinear imaging 

techniques mentioned, CARS is only generated at the three dimensional focal volume.  

CARS has been used to image lipids, proteins, and DNA in live cells23. 
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The present study explores three high resolution optical imaging modalities that can be 

used to evaluate skin dysplasia.  The ideal high resolution optical imaging system can 

visualize pre-malignant tissue growth non-invasively with resolution comparable to 

histology.  Skin is selected as the tissue of interest because of the tremendous public 

health burden caused by skin cancer, and because better detection, diagnosis, and 

management of skin cancer can be obtained using optical imaging modalities.  We would 

like to be able to differentiate between normal, precancerous, and cancerous skin lesions.  

Additionally, skin is optically assessable, and therefore is used as a proof-of-concept 

sample tissue for many optical imaging modalities.  The imaging modalities studied are 

microscopy with karyometric analysis, OCT, and OCM.  Karyometry detects pre-

neoplastic changes in tissue by detecting statistical changes in the nuclear chromatin 

pattern of high magnification ex-vivo tissue samples.  While it has very high sensitivity, it 

requires an invasive biopsy.  OCT provides approximately 10 µm resolution and is 

capable of imaging tissue microstructure up to 2 mm in depth.  OCT is non-invasive, but 

does not have subcellular resolution.  OCM has higher lateral resolution of about 3 µm 

but has a limited imaging depth of about 600 µm.  An introduction to these three imaging 

modalities as well as skin physiology is given prior to introducing the study specific 

aims. 

Karyometry 

Karyometry is a digital texture analysis-based method of evaluating cells in high 

magnification histology images to detect pre-neoplastic lesions.  It does have subcellular 

resolution, but it necessitates taking a biopsy at the desired tissue site and imaging the 
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tissue ex-vivo.  The current gold standard for detecting neoplastic tissue is histopathologic 

diagnosis.  However, this assessment is difficult for very early stages of deviation from 

normal, as seen in pre-neoplastic lesions.  A pre-neoplastic lesion is one that is visually 

assessed as normal but change in this tissue is documented by computer analysis in 

comparison to histologically normal lesions.  Karyometry uses 95 features descriptive of 

this pattern based on transition frequencies, run lengths, and numerous other first and 

second order statistical properties of pixel grayscale values to observe these pre-

neoplastic changes.  Using karyometric analysis to detect pre-neoplastic lesions has been 

documented in numerous organ sites, including prostate24, breast25,26,  cervix27,28, 

esophagus29, lung30, ovary31, colon32,33, thyroid34, and bladder35. 

Karyometry can objectively quantify the progression of cancer along a progression curve, 

from normal to cancerous tissue.  This has been seen in the progression of prostatic 

intraepithelial lesions 36,37, with H&E stained histology confirming the progression.  A 

continuum has also been observed from normal skin to sun damage, to actinic keratosis 

(AK), ending with squamous cell carcinoma (SCC).  Karyometry can be used to evaluate 

this continuum as a guide for disease progression38,39.  

The high sensitivity of karyometry, coupled with low cost, make karyometry a powerful 

analytic tool.  It is able to detect sub-visual pre-neoplastic changes in tissue, but does 

necessitate taking a biopsy to obtain submicron resolution.  Due to the tissue fixation 

process influencing the nuclear chromatin pattern, a detailed fixation protocol must be 

carefully followed to obtain highly reproducible histology images.   
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Optical Coherence Tomography 

Optical Coherence Tomography (OCT) is a non-invasive high resolution cross-sectional 

imaging modality.  It is based on low coherence interferometry, in which the axial 

resolution, or coherence gate, is dependent on the source bandwidth (∆�� and center 

wavelength (λ0): 

�� �
2ln
2�

�
�
�
�

Δ�
 

There is a tradeoff when selecting the source center wavelength.  As the center 

wavelength is increased, the scattering coefficient of tissue reduces, and light will 

penetrate deeper.  However, this is at the expense of poorer axial resolution.  A 

superluminescent diode source can provide an axial resolution of 5-10 µm, and a 

femtosecond laser can provide even higher axial resolution at about 1-3 µm.    

The lateral resolution is determined by the sample arm optics.  As the lateral resolution is 

increased, the depth of focus (DOF), or imaging depth, decreases.  The DOF for a 

Gaussian beam is defined as the distance between the points where the beam waist 

increases by √2, and is given by the following equation, where wo is the Gaussian beam 

waist radius: 

��� �
2��

�

�
 

Therefore, for a spot diameter of 12 µm, or beam waist radius of 6 µm, and a center 

wavelength of 1310 nm, the DOF is 0.17 mm.  In this case, the spot diameter within the 
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DOF is less than 17 µm.  OCT has a penetration depth of 1-2 mm, which is limited by 

scattering in the tissue.  Imaging outside the DOF is possible at the expense of lateral 

resolution.  

The OCT setup is a Michelson interferometer with a reference arm and sample arm that 

have matching optical path lengths.  A Michelson interferometer is needed to measure the 

backscattered light waves due to the fast speed of light and detector temporal integration 

times.  Light reflected from the sample interferes with the light reflected from the 

reference arm mirror only within the coherence gate.  Two different types of OCT exist: 

Time Domain OCT (TDOCT), and Frequency Domain OCT (FDOCT).  

TDOCT, shown in Figure 1, acquires an axial scan by moving the reference arm mirror at 

a constant velocity.  This increases the reference arm optical path length, and effectively 

moves the coherence gate deeper into the tissue.  The Doppler shifted velocity of the 

mirror and the center wavelength of the source determine the carrier frequency of the 

interference signal.  This signal is detected, demodulated, and the interference pattern 

envelope is displayed as one axial scan in the image.  The sample is scanned to acquire a 

B-scan, or a cross sectional image.     
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Figure 1: Block diagram of a time domain optical coherence tomography system.  SLD: Superluminescent Diode 

 

The FDOCT signal acquired is spectrally separated, either with a spectrally scanning 

source (Figure 2), or with a spectrometer and a detector array (Figure 3).  The reference 

arm is stationary, and the frequency of the measured signal oscillation is proportional to 

the path length difference between the reference arm mirror and the reflecting plane of 

interest within the sample.  Therefore, a Fourier transform of the spectral measurement 

will produce an axial scan profile similar to that obtained from TDOCT.  A full depth 

scan is acquired with a single exposure of the spectrometer detector, or a single sweep of 

the scanning source.  This is accomplished without reference arm movement, reducing 

image acquisition time.  Theoretically, FDOCT is limited by a strong fall off in the signal 

to noise ratio (SNR) proportional to the distance from the zero delay point in the sample.  

Practically, the autocorrelation terms in the interference signal that originate from 

multiple points in the sample interfering with each other are difficult to separate from the 

desired sample and reference arm interference terms.  
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Figure 2: Swept source Fourier Domain OCT system diagram.  DSP = digital signal processing 

 

Figure 3: Spectral Fourier Domain OCT system diagram.  DSP = digital signal processing 

 

Optical Coherence Microscopy 

Optical Coherence Microscopy (OCM) is a high resolution en-face imaging modality.  It 

is a hybrid system that combines a confocal microscope with coherence gating to provide 

increased imaging depth.  It can also be described as an OCT system with a high NA 

objective.  Similar to OCT, the axial resolution is determined by the source center 

wavelength and bandwidth.  A system diagram of a time domain OCM system is shown 



 

in Figure 3.  Light from the fiber in the sample 

mirrors that dictate the field of view.  Light is then refracted through a 

that provides lateral resolutions on the order of 1

Figure 4: Block diagram of an 

   

To create an interference signal carrier frequency, the piezoelectric stack is driven by a 

sinusoidal signal at its resonance frequency, 120 kHz. 

sum of the first two harmonic pow

interferometer phase drift in the fibers.  The square root of this sum of harmonic powers 

is the fringe amplitude.   

Light from the fiber in the sample arm is reflected off two X and Y scanning 

tate the field of view.  Light is then refracted through a high NA objective

lateral resolutions on the order of 1-5 µm. 

: Block diagram of an Optical Coherence Microscopy system 

To create an interference signal carrier frequency, the piezoelectric stack is driven by a 

sinusoidal signal at its resonance frequency, 120 kHz. At a displacement of 

sum of the first two harmonic powers of the coherence fringe signal is insensitive to the 

interferometer phase drift in the fibers.  The square root of this sum of harmonic powers 
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Recently, a spectral domain OCM system has been explored42,43.  Although forward 

firing endoscopes for OCT have been developed44,45, to the author’s knowledge an OCM 

endoscope has not been developed prior to this study. 

Skin Physiology 

The skin is the largest organ in the body.  It has many functions, including protecting the 

body against pathogens, providing insulation, and is responsible for the synthesis of 

vitamin D.  The two main regions are the superficial region, the epidermis, and the deep 

region, the dermis (Figure 5).  The epidermis is 5-150 µm thick46 and the dermis is about 

1 mm thick.  The dermis is attached to an underlying hypodermis, also called 

subcutaneous connective tissue, which stores adipose tissue.   
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Figure 5: Physiology of the skin, showing the epidermis and dermis.  Image taken from 
http://www.lhsc.on.ca/wound/intro/structur.htm 

 

The epidermis consists of five layers from deep to superficial:  the stratum germinativum, 

stratum spinosum, the stratum granulosum, the stratum lucidum, and the stratum corneum 

(Figure 6).  The stratum germinativum (or basal layer) is composed of a layer of cells at 

least one cell thick.  These cells reach the stratum spinosum layer next, where they begin 

keratinizing.  Keratin is a protein responsible for maintaining skin hydration.  These cells 

then travel to the stratum granulosum, where the keratinocytes are now granular cells that 

contain keratohyalin and lamellar granules.  The stratum lucidum layer only exists in 

palmoplantar skin, such as that on the hands and feet, and consists of 3-5 layers of dead 
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keratinocytes that lack a cell nuclei.  Lastly, the stratum corneum is the most outer layer 

of the epidermis, and is composed of 

large flat dead cells that lack cell 

nuclei and are filled with keratin.  As 

these dead cells are sloughed off, 

they are replaced by new cells from 

the stratum granulosum layer.  The 

stratum corneum is 5 to 70 µm 

thick47, depending on the region of 

the body. 

The dermis consists of connective 

tissue and cushions the body from stress and strain.  It contains nerve endings, hair 

follicles, sweat glands, sebaceous glands, lymphatic vessels, and blood vessels.  These 

blood vessels provide nourishment and waste removal to the dermis and the stratum 

germinativum layer in the epidermis.  The dermis is divided into two regions.  The top 

region, called the papillary region, is composed of loose connective tissue.  It contains 

fingerlike projections, called papillae (Figure 4), which extend toward the epidermis.  

The papillae provide the dermis with a bumpy surface that strengthens the connection 

between the epidermis and dermis.  The lower region of the dermis, called the reticular 

region, is much thicker than the papillary region.  It consists of dense connective tissue 

and contains a high concentration of collagen and elastin that weave throughout the 

 

Figure 6: Cellular structure of the epidermis.  Image taken 
from http://en.wikipedia.org/wiki/Epidermis_(skin)  
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reticular region.  These fibers give the dermis its properties of strength and elasticity.  

Hair folicles, glands, and vessels are also located in the reticular layer.  

The hypodermis is not part of the skin, but does appear in OCT images of the upper inner 

arm.  It attaches the skin to underlying bone and muscle, and supplies it with blood 

vessels and nerves.  It consists of loose connective tissue and elastin.  
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PRESENT STUDY 

The present study consists of 3 aims.  Each aim investigates a different high resolution 

optical imaging modality that shows potential to better detect and diagnose skin cancer.  

The imaging modalities explored are high resolution microscopy with karyometric 

analysis, optical coherence tomography, and optical coherence microscopy.  

Specific Aim 1: 

The most time consuming portion of karyometric analysis is nuclear segmentation.  

Automated segmentation remains a challenge because of the unequaled complexity of 

histological images of cells.  In creating an automatic segmentation algorithm for 

karyometric analysis, it is important that this algorithm does not make any assumptions 

about the shape of a cell boundary in order to avoid biasing cell nuclei statistics with the 

segmentation shape.  The previous method used in the Arizona Cancer Center to segment 

cell nuclei for karyometric analysis used a semi-automated procedure with manual 

correction.  The user generally needed to manually correct at least 80% of the 

segmentations in a skin histology image.  Therefore, the first specific aim, divided into 

two tasks, was to develop a robust automated segmentation program that segments cell 

nuclei in skin histology images and to evaluate how this algorithm compares to hand 

segmented cell nuclei.   

The first task was accomplished by treating each nucleus as an individual object with 

properties that describe its segmentation quality.  The goal of this automated 

segmentation program was to segment all the cell nuclei in an image so that the user can 



33 
 

select as many as possible for karyometric analysis.  The automated segmentation 

algorithm has four main steps:  median filtering and thresholding, segmentation, 

categorizing, and cusp correction.  This robust segmentation technique used properties of 

the image histogram to optimally select a threshold and create closed four-way chain 

code nuclear segmentations.  A segmentation was placed in one of the following three 

categories based on its properties: throw away, salvageable, or good.  An erosion/dilation 

procedure and rethresholding were performed on salvageable nuclei to correct cusps.   

The second task involved evaluating differences between hand segmentations and 

automated segmentations, and concluding whether automatic segmentations can be used 

for karyometric analysis.  This was accomplished by comparing the 95 karyometric 

features of 44 nuclei of the hand segmentations to the automatic segmentations.  

Specifically, two important karyometric features evaluated were nuclear area and pixel 

intensity.  A median proportional difference of 2.6% was found between the hand and 

automatic segmentations, therefore it was concluded that this automatic segmentation 

algorithm can be used for karyometric analysis.    
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Specific Aim 2:   

OCT is a non-invasive imaging modality that can visualize skin structure, and may be 

useful for evaluating the degree of sun damage in skin and identifying precancerous 

lesions.  This study was undertaken to find image features and statistics that differentiated 

sun protected skin, sun damaged skin, and precancerous skin with the goal of aiding the 

assessment of chemopreventive agent efficacy.  This goal was divided into 5 tasks. 

The first task involved evaluating 1380 OCT images of skin that were acquired during the 

course of this study for inclusion in the data analysis.  If the OCT images met any of the 

following criteria, as determined by consensus of two investigators, they were excluded 

prior to the beginning of analysis: 

1) instrument or operator error resulting in failure to acquire images with proper 

settings or imaging depth (371 images). 

2) severe artifacts such as saturation or shadowing from hair/ skin debris (53 

images). 

Of 1188 undiseased or precancerous images, 711 undiseased and 53 precancerous 

images, or 764 images in total were statistically evaluated.   

The second task was to perform image processing on these 764 images.  A software 

algorithm written in C++ detected the surface of the skin, created a 4 mm by 650µm box 

image of only skin tissue, and calculated the ‘average skin attenuation’, or average slope, 

for each box image. 
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For the third task, I developed software written in Matlab to evaluate the horizontal 

banding seen in the precancerous images.  The top 75 pixels of the box image, which 

corresponds to 168 µm, were analyzed because our primary interest was in evaluating the 

epidermis, where disease develops.  A 10x10 median filter was passed over each box 

image to reduce impulsive noise.  Images were contrast enhanced and Sobel edge 

detection with a vertical gradient was performed to find horizontal edges.  Any edges less 

than a length of 18 pixels were ignored because they were frequently generated by 

speckle or artifacts.  The total number of pixels in the remaining edges was used as the 

metric to evaluate the horizontal banding.  This metric, called ‘horizontal edge detection’, 

was computed for all precancerous and undiseased forearm images used in the analysis. 

The fourth task entailed statistically analyzing the ‘average skin attenuation’ and the 

‘horizontal edge detection’ data.  A mixed model nesting site within participant was fit 

for the OCT image metric ‘average skin attenuation’.  There was no relationship between 

undiseased and precancerous images using this metric, however there was a statistically 

significant difference (p < 0.0001) between minimally sun damaged skin and severely 

sun damaged skin.  A similar mixed model was conducted for the outcome ‘horizontal 

edge detection’. A statistically significant difference was found in ‘horizontal edge 

detection’ values between undiseased and precancerous images (p<0.0001).   

The final fifth task was to evaluate the ability of OCT to diagnose precancer using two 

different OCT image measures.  Using the ‘horizontal edge detection’ image metric, a 

Receiver Operating Characteristic was generated by varying the threshold of ‘horizontal 
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edge detection’ for diagnosis of disease.  One compromise between sensitivity and 

specificity occurred at 73% and 65%, respectively. Greater sensitivity and specificity 

were obtained, albeit not in an automatic fashion, by evaluating image features. The 

presence of a dark band in the epidermis enabled detection of AK with 86% sensitivity 

and 83% specificity. In comparison, for dermatological assessment the sensitivity and 

specificity were 98% and 62% respectively.      
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Specific Aim 3: 

Optical Coherence Microscopy (OCM) combines coherence gating and high numerical 

aperture optics to provide high axial and lateral resolution with relatively large depth of 

imaging.  The third specific aim entails designing and building a handheld rigid OCM 

endoscope, characterizing the optical properties of the endoscope, and imaging skin using 

this endoscope.  This specific aim is divided into three tasks. 

The first task was to design the OCM endoscope optics with specifications dictated by the 

general desire to peform both skin and internal organ imaging.  The endoscope needed to 

be no more than 6 mm in diameter at the tissue end and have a relay length of at least 30 

mm to minimize surgical trauma.  We wanted to image a large percentage of the target 

tissue, so a 1 mm scan width is needed.  To visualize tissue microstructure a 5 µm line 

pair needs to be resolvable with at least 0.3 contrast, and the endoscope needs to have a 1 

mm imaging depth.  These goals were accomplished by the following design. 

The light source for the endoscope is delivered by a 0.14 NA single mode fiber, 

commonly used in OCT.  X-Y scanning is performed distally with mirrors mounted to 

micro galvonometer scanners incorporated into the endoscope handle.   Two scanning 

doublet lenses relay the stop from the galvonometers to the afocal relay stop.   The 

endoscope optical design consists of an afocal Hopkins relay lens system and a 0.4 NA 

objective.  To allow focusing at various depths in the tissue, the endoscope housing is 

designed in two pieces screwed together with a fine pitch threads. A small rotation of the 

outer housing moves the lenses proximal and distal relative to the window, causing the 
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focal location in the tissue to change.  The space between the final objective lens and the 

window is filled with distilled water to avoid misalignment of the focus and coherence 

gate. 

The second task consisted of characterizing the resolution of the endoscope.  An on-axis 

edge response function (ERF) was acquired at two steps of the assembly process.  The 

derivative of the ERF was taken to obtain the line spread function (LSF), and the Fourier 

transform of the LSF was taken to obtain the modulation transfer function (MTF).  A 

negligible amount of difference in the on-axis MTF between the two steps was seen.  A 

1951 USAF negative glass slide resolution target was imaged and 228 lp/mm was 

resolvable.  

The third task was to finalize the proof of concept of an OCM endoscope, and use it to 

image skin.  Images taken of a finger tip showed a cellular structure, parenchyma, and 

possibly cell nuclei.  This rigid handheld OCM endoscope will be useful for application 

ranging from minimally invasive surgical imaging to assessing dysplasia and sun damage 

in skin. 
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Conclusions 

All three imaging modalities studied in this work showed promise in evaluating skin 

dysplasia.  Karyometry has the advantage of detecting pre-neoplastic changes, and using 

an automated segmentation algorithm it can statistically evaluate histology images 

quickly.  The disadvantage is the necessity of imaging the tissue ex-vivo to obtain high 

magnification histology images.   

OCT offers non-invasive imaging, but is not able to attain subcellular resolution.  We 

have shown that there are qualitative and statistically significant quantitative differences 

in OCT image features of skin with varying degrees of sun damage, and between 

undiseased skin and AK.  A short-term goal is to use OCT to better target sites for biopsy 

in chemoprevention studies.  The ultimate goal is to use OCT as a biomarker, with the 

ability to bring in a patient, measure an image characteristic and determine if sun damage 

has increased or decreased, or if a precancerous lesion has emerged or regressed at a 

given site.  This would obviate the need for biopsies completely. 

OCM provides close to cellular resolution, and an endoscope would enable minimally 

invasive imaging of tissue microstructure.  Preliminary testing of the device shows 

adequate resolution, and the preliminary image shows structural features.  This 

endoscope will primarily be used for minimally invasive surgical imaging in small 

animals.  It may also be convenient to use the handhold the endoscope and assess 

dysplasia and sun damage in skin. 
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Journal Article: Automatic Segmentation of Cell Nuclei in Bladder and Skin Tissue 

for Karyometric Analysis 

 

ABSTRACT 

Objective: To automatically segment cell nuclei in histology images of bladder and skin 

tissue for karyometric analysis. 

Study Design:  The four main steps in the program were as follows: median filtering and 

thresholding, segmentation, categorizing, and cusp correction.  This robust segmentation 

technique used properties of the image histogram to optimally select a threshold and 

create closed four-way chain code nuclear segmentations.  Each cell nucleus 

segmentation was treated as an individual object whose properties of segmentation 

quality were used for criteria to classify each nucleus as: throw away, salvageable, or 

good.  An erosion/dilation procedure and re-thresholding were performed on salvageable 

nuclei to correct cusps.   

Results: Ten bladder histology images were segmented both by hand and using this 

automatic segmentation algorithm.  The automatic segmentation resulted in a sensitivity 

of 76.4%, defined as the percentage of hand segmented nuclei that were automatically 

segmented with good quality. The median proportional difference between hand and 

automatic segmentations over 42 nuclei each with 95 features used in karyometric 

analysis was 1.6%.  The same procedure was performed on 10 skin histology images with 

a sensitivity of 83.0% and median proportional difference of 2.6%.   
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Conclusion: The close agreement in karyometric features with hand segmentation shows 

that automated segmentation can be used for analysis of bladder and skin histology 

images.   

Keywords: Karyometry, segmentation, nuclei, bladder, skin 

 

INTRODUCTION 

In the United States in 2007, bladder cancer is expected to be the 4th most common type 

of newly reported cancer in men1.  The most common form of bladder cancer is urothelial 

carcinoma, which refers to a tumor in the lining of the bladder. In the United States, 90% 

of bladder cancers are urothelial carcinoma. The recurrence rate for bladder cancer is 

80%, and patients who have papillary urothelial neoplasms of low malignant potential 

(PUNLMP) lesions are at an increased risk of recurrence.  It is not possible to identify 

which PUNLMP cases will recur based on histopathological diagnosis2.  Recent studies 

have shown that the evaluation of the nuclear chromatin organization state by karyometry 

is useful in predicting recurrence of superficial urothelial carcinoma3,4.         

Non-melanoma skin cancers (squamous cell carcinoma and basal cell carcinoma) are the 

most frequently diagnosed malignancies in the United States, accounting for 

approximately 40% of all cancer diagnoses and an estimated one million new cases in 

20075.  Squamous cell carcinoma (SCC) accounts for about 20% of the non-melanoma 

skin cancers, but it is clinically significant because of its ability to metastasize6.  A 
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continuum has been observed from normal skin to sun damage, to actinic keratosis (AK), 

ending with SCC.  Karyometry can be used to evaluate this continuum as a guide for 

disease progression7,8.  

Karyometry is a digital texture analysis-based method of evaluating cell nuclei images in 

histology.  It provides a degree of sensitivity greater than the human eye, and can detect 

small differences amidst high biological variability.  Karyometry can objectively quantify 

the progression of cancer along a progression curve, from normal to cancerous tissue.  

These advantages, coupled with low cost, make karyometry a powerful analytic tool.  The 

computerized extraction of karyometric features provides 95 features descriptive of the 

spatial and statistical distribution pattern of the nuclear chromatin based on transition 

frequencies, run lengths, and numerous other characteristics of pixel grey values.9   

The most time consuming portion of karyometric analysis is nuclear segmentation.  

Automated segmentation remains a challenge because of the unequaled complexity of 

histological images of cells.10  A variety of interactive and fully automated methods have 

been studied.  When the reproducibility and accuracy of an interactive thresholding-based 

method, manual tracing with a stylus, and arc- and ellipse-fitting routines were compared, 

it was found that the interactive arc fitting routine was the most accurate and 

reproducible.11  Interactive algorithms generally produce reliable segmentation results but 

require user participation.  Automatic segmentation algorithms have been based on region 

growing or splitting12, histogram thresholding13,14, edges15 , or clusters.16  Automatic 

segmentation can be improved by a priori knowledge of the cell and background 
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properties.  Wu et al. showed promising results by assuming ideally elliptical shaped cell 

boundaries17,18 and smooth cell boundaries19.  Since karyometry is used to evaluate a 

broad range of cell nuclei from normal to cancerous, it is necessary to develop a robust 

automated segmentation program that does not make any assumptions about the shape of 

cell boundary in order to avoid biasing cell nuclei statistics with the segmentation shape. 

The current method in our laboratory for segmenting cell nuclei for karyometric analysis 

uses a semi-automated procedure with manual correction.  The user must input a 

threshold grayscale level that the program uses to threshold the image and create closed 

four-way chain codes for pixels darker than the threshold value.  If the nuclei the user 

wishes to select are not segmented well with this threshold, the user can either enter 

another threshold or manually correct the segmentation boundary.  Since in this 

application the same threshold is applied across the entire image, the user generally needs 

to manually correct at least 50% of the segmentations in a bladder histology image and 

80% of the segmentations in a skin histology image.  Thousands of nuclear segmentations 

are required for karyometric analysis, making the segmentation process the most time 

consuming portion of karyometric analysis.  This paper describes a novel fully automated 

method of segmenting cell nuclei in bladder and skin histology images in which each cell 

nucleus is treated as an individual object with properties that describe its segmentation 

quality.  The goal of this automated segmentation program is to segment all the cell 

nuclei in an image so that the user can select as many as possible for karyometric 

analysis. 
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MATERIALS AND METHODS  

This original research was approved by the University of Arizona Institutional Review 

Board.   

Image Acquisition 

Ten 640 x 472 pixel, 8-bit bladder histology images were used to evaluate the quality of 

this automatic segmentation method for use in histology images of bladder tissue.  These 

images were acquired as part of a study on using chromatin phenotype karyometry to 

predict recurrence in papillary urothelial neoplasms of low malignant potential 

(PUNLMP)20.  Similarly, ten 1280 x 960 pixel 8-bit skin histology images were used to 

evaluate the quality of the automatic segmentation method in histology images of skin 

tissue.  These images were acquired as part of a study documenting specific 

histopathologies that are quantitatively associated with the progression from normal skin 

to AK to SCC or normal skin to dysplastic nevi.   

Bladder and skin histology images were stained with hematoxylin and eosin (H&E).  

Bladder sections were recorded on a video microscope equipped with a 63:1 Zeiss (Zeiss, 

Oberkochen, Germany) planapochromatic oil immersion objective, N.A. 1.40, and a 

COHU (San Diego, CA, USA) black and white video camera.  Skin sections were 

recorded on a video microscope equipped with a 100:1 Zeiss planapochromatic oil 

immersion objective, N.A. 1.40, and a DXC9000, 3-CCD color camera.  An interference 

filter with a maximum bandpass at 610 nm was used to enhance contrast of the H&E 
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stained bladder and skin sections.  The relay optics provided a sampling density of 6 

pixels/um.            

Hand Segmentation 

In order to quantify individual nuclei, each nucleus must be segmented from the general 

image.  This segmentation was previously done using an interactive program that 

required a user to input a grayscale level threshold. Throughout this paper, segmentation 

performed in this manner will be referred to as hand segmentation.  After the user 

selected a threshold that appeared optimal, the program generated closed four-way chain 

code segmentations for pixels darker than the threshold.  The user manually adjusted the 

boundary of the nuclei of interest until the segmentation was adequate for karyometric 

analysis. The user was directed by a pathologist to choose nuclei from particular regions 

of interest (e.g., stroma vs. glandular nuclei) appropriate to the study.  The user then 

randomly chose a number of nuclei from these regions, usually 100 or 200, according to 

the statistical design of the study.    The user was also trained in recognizing which nuclei 

were appropriate for sampling.  To prevent users from unconsciously biasing the study 

through preferential selection of normal-appearing nuclei, training emphasized rejection 

of nuclei only for technical reasons, such as nuclei artifactually damaged during 

sectioning, overlapping nuclei, and nuclei that lay outside the plane of focus.  The 

automatic program was designed to segment all nuclei in the image field and allow the 

user to perform selection of nuclei for karyometric analysis according to these principles.    
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Automatic Segmentation 

The four main steps in the program were as follows: median filtering and thresholding, 

segmentation, categorizing, and cusp correction.  This robust segmentation technique 

used properties of the image histogram to optimally select a threshold and create closed 

four-way chain code nuclear segmentations. Each cell nucleus segmentation was treated 

as an individual object with properties of segmentation quality.  A segmentation was 

placed in one of the following three categories based on its properties: throw away, 

salvageable, or good.  An erosion/dilation procedure and rethresholding were performed 

on salvageable nuclei to correct cusps.   

Median Filtering and Thresholding 

The original image was median filtered with a 5x5 pixel kernel to reduce pixel noise.  

The threshold was then automatically selected based on the median filtered image 

histogram.  The histogram optical density (OD) levels were multiplied by 100, and 

therefore ranged from 0 (white) to 255 (black).  Typically in bladder histology images 2 

peaks were seen, the first peak representing the non-nuclear tissue, and the second peak 

representing cell nuclei.  The optimal threshold was found to be the optical density at the 

valley between these two peaks.  If multiple peaks occurred in the processed image 

histogram, the peak closest to 255 usually contained pixels corresponding to the cell 

nuclei.  Therefore, the grayscale level at the largest-valued valley was chosen as the 

threshold.  In skin histology images the histogram rarely displayed 2 peaks, instead 

generally appearing single-peaked or many-peaked with no distinct valleys.  If no distinct 
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valleys occurred in the processed image histogram of either bladder or skin histology 

images, the threshold was chosen with the assumption that cell nuclei covered the darkest 

20% of the pixels in the image. 

Segmentation 

Closed four-way chain code nuclear segmentations were created for pixels in the image 

darker than the threshold.  The directions used were Up, Right, Down, and Left, 

numbered with 1, 2, 3 and 4, respectively.  A smoothed difference chain code was created 

by taking the difference between neighboring chain code elements and sequentially 

applying running average filters with a length of 10 and 5.  A cusp was signified by a 

zero crossing in the smoothed difference chain code. 

The mean and standard deviation of the pixel area were calculated for the group of 

segmented nuclei in each image.  Each segmentation was treated as an individual object, 

and the following properties were calculated and recorded for each object: 

1. pixel area 

2. flag if object pixel area was more than 1 standard deviation away from the group 

pixel area  

3. best fit ellipse determined by segmentation angle, area moment, and 

circumference 

4. cusp locations given by zero crossings in the smoothed difference chain code 

5. ratio of chain code length to segmentation area 

6. ratio of ellipse circumference to chain code length 
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Properties 1-6 were used to evaluate the quality of the segmentation.  The following 

additional properties were calculated for each object but were not found to be useful in 

evaluating segmentation quality. 

7. mean and standard deviation of pixel intensity 

8. spottiness – determined by run length encoding 

Categorizing 

Objects were placed in one of three categories based on their properties: throw away, 

salvageable, or good.  Any object with an area smaller than the group mean by more than 

one standard deviation was thrown away since it was likely background tissue.  An object 

was placed in the salvageable category based on properties 4-6, which are measures of 

wavy or unsmooth segmentation.  All other objects were assumed to be adequately 

segmented for karyometric analysis and were placed in the good segmentation category.  

A ratio of good objects to total objects found was calculated.  The described algorithm 

was repeated with a test threshold equal to the original threshold and varied up to 2 

grayscale levels in each direction.  The test threshold that produced the highest ratio was 

saved as the optimal threshold, and the corresponding segmented image was used in the 

following procedure. 

Cusp Correction 

An erosion/dilation procedure was performed on “salvageable” objects that had a mean 

pixel area larger than the group mean pixel area by more than three standard deviations.  
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These objects were usually multiple nuclei lying in close proximity that had been 

segmented as a single nucleus.  Properties of all resulting objects were evaluated and 

statistically analyzed. 

After optimal thresholding, any “salvageable” objects with cusps were rethresholded 

using a cropped area around the segmentation from the median filtered image.  This 

enabled the program to find an optimal localized threshold, since cell nuclear intensity 

may vary throughout the image.  The optimal threshold was varied up to 15 grayscale 

levels in each direction or until an object without cusps was found.  The object with the 

fewest number of cusps replaced the original object.  If no objects were found with fewer 

cusps than the original object the original object was kept.  The properties of any new 

objects were evaluated and statistically analyzed.  A training set of bladder and skin 

histology images was used for the development of the fully automatic segmentation 

program.  The training set contained different images than the images in the test set used 

in the statistical analysis.      

Statistical Analysis 

Statistical analysis was performed on ten bladder histology images and ten skin histology 

images to compare the karyometric features calculated from hand segmentation to those 

generated from this fully automatic segmentation program.  Five patients contributed 2 

bladder histology images each, or 10 bladder histology images in total.  In these 10 

bladder histology images, 55 nuclei were randomly selected from the intermediate and 

basal layers and hand segmented.  Similarly, 5 patients contributed 2 skin histology 
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images each, or 10 skin histology images in total.  In these 10 skin histology images, 53 

nuclei were randomly chosen from the basal and sub-basal layers and hand segmented. 

Ninety-five karyometric features descriptive of the spatial and statistical distribution of 

the nuclear chromatin were computed for each nucleus, as defined and detailed in the 

Appendix.  Proportional differences between the 95 karyometric features in the hand 

segmentations and the automatic segmentations were calculated using 42 good nuclear 

segmentations from bladder histology images and 44 good nuclear segmentations from 

skin histology images.   

RESULTS 

Bladder Histology Images 

A typical bladder histology image segmentation is shown in Figure A-1.  Since the 

histogram displayed 2 peaks, generally corresponding to non-nuclei tissue and nuclei 

tissue, with a distinct valley between them, the threshold was set as the pixel intensity at 

the valley.  The image characteristics and therefore the image histogram depend strongly 

on processing of the biopsy and stain uptake, and therefore did not always exhibit 2 

peaks.  Nuclei in images from one patient appeared very light (Figure A-2) and the 

corresponding histogram only displayed 1 peak.  The automatic segmentation program in 

this case did not segment the image as well because the default threshold was set to 

segment the darkest 20% of the image and the image had reduced contrast. These results 

highlight the need for controlled histological processing in karyometric analysis, 

particularly when automatic segmentation methods are used. 
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Figure A-1: A typical bladder histology image segmentation.  Image histogram displayed two peaks and the 
threshold was set as the pixel intensity at the valley. 
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Figure A-2: Segmented bladder histology image with a lighter stain compared to Figure A-1.  Image histogram 
displayed one peak and the threshold was set to segment the darkest 20% of the image. 

 

Out of the 55 hand segmented nuclei in the 10 bladder histology images, the automatic 

segmentation resulted in 4 missed nuclei due to the threshold set too low, 9 salvageable 

segmentations, and 42 good segmentations.  This resulted in a sensitivity of 76.4%, 

defined as the proportion of successful automated segmentation out of all hand 

segmented nuclei, or 42/55.  It is important to note that in images where automatic 

program missed nuclei or produced a salvageable segmentation out of the selected hand 

segmentations, a sufficient number of good segmentations were available for the user to 
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select.  The 95 karyometric features were averaged over the 42 good segmentations.  

Features that were 0 across all segmentations were not used in comparing the hand and 

automatic segmentation of bladder and skin tissue.  The proportional difference between 

the hand and automatic segmentations for the non-zero averaged karyometric features 

ranged from 0 to 48.3%, with a median of 1.6%.  A 1.7% proportional difference in 

nuclear area and a 1.5% proportional difference in total optical density, two key 

karyometric features, were found.  Figure A-3 

shows a hand (left) and automatic (right) 

segmentation for a bladder cell nucleus, with a 

4.1% proportional difference in nuclear area, a 

2.2% proportional difference in total optical 

density, and a median proportional difference 

of 3.1% over all non-zero karyometric 

features.     

In many instances it was visually apparent that the automatic segmentation chose a higher 

threshold than the interactive program operator, therefore forming a tighter chain code 

around the nucleus and segmenting darker pixels.  The largest proportional difference, 

48.3%, was seen from a feature that describes the number of transitions that occur from 

the smallest optical density thresholded to the largest optical density thresholded within 

the segmentation.  This feature along with other karyometric features that are calculated 

using pixels in the edges of cell nuclei displayed the largest proportional difference 

between the hand and automatic segmentations.  Although the hand segmentations are 

Figure A-3: Shows a typical hand (left) and 
automatic (right) segmentation for a bladder 
cell nucleus, with a 4.1% proportional 
difference in nuclear area, a 2.2% proportional 
difference in optical density, and a median 
proportional difference of 3.1% over all non-
zero karyometric features. 
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considered to be the gold standard, the human eye has a limited resolution and therefore 

the hand segmentations do contain error.  As noted above, there were instances where the 

proportional difference in nuclear features between hand and automated segmentations 

may well have stemmed from the automated process performing better, not worse, than 

the hand process.  Moreover, since karyometric features are compared across different 

tissue classes (e.g. normal vs. cancer), consistency in segmentation is crucial for efficient 

and unbiased comparisons, and the automated procedure better provides this consistency. 

Skin Histology Images 

The histogram of skin histology images displayed 2 peaks less frequently.  A typical 

segmented skin histology image is shown in Figure A-4.  The default threshold 

(segmenting the darkest 20% of the image) segmented this image well, perhaps due to the 

high image contrast. 
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Figure A-4: A typical segmented skin histology image with the threshold set to segment the darkest 20% of the 
image. 

 

Out of the 53 hand segmented nuclei in the 10 skin histology images, automatic 

segmentation resulted in 0 missed nuclei due to the threshold being set too low, 9 

salvageable segmentations, and 44 good segmentations which resulted in a sensitivity of 

83%.  Similar to bladder histology images, the automatic program produced a sufficient 

number of additional good segmentations that were available for the user to select.  The 

95 karyometric features were averaged over the 44 good segmentations.  The 

proportional difference between the hand and automatic segmentations for the non-zero 
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averaged karyometric features ranged from 0 to 200%, with a median of 2.6%.  The 

largest proportional difference was seen in a feature that describes the run length of small 

optical density values.  A 2.7% proportional difference in nuclear area and a 2.1% 

proportional difference in optical density were 

found.  Figure A-5 shows a hand (left) and automatic 

segmentation (right) for a skin cell nucleus, with a 

1.3% proportional difference in nuclear area, a 1.1% 

proportional difference in optical density, and a 

median proportional difference of 2.9% over all non-

zero karyometric features.     

DISCUSSION 

The close agreement in karyometric features show that the automated segmentation can 

be used for karyometric analysis of bladder and skin tissue.  Future work includes 

improving the program so that it may be used on a broader range of tissue types.  The 

program will be augmented with better criteria to determine when adjacent nuclei are 

segmented as a single nucleus.  One method may be to look at a single segmentation with 

multiple cusps, and verify whether the cusps are located opposite to each other.  Another 

method may use an ellipse model with second moments matching the segmentation.  The 

program may also be improved by combining thresholding with edge detection.  Creating 

a closed chain code with a threshold is easier than using edge detection alone.  However, 

once a closed chain code is created, comparing the chain code boundary with edges found 

Figure A-5: Shows a hand (left) and 
automatic segmentation (right) for a 
skin cell nucleus, with a 1.3% 
proportional difference in nuclear area, 
a 1.1% proportional difference in 
optical density, and a median 
proportional difference of 2.9% over 
all non-zero karyometric features.     
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using an edge detection method may prove useful.  These improvements to the automatic 

segmentation program would enable it to perform well on a broad range of tissue types. 
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Appendix 
 
1 Total Optical Density   
2 Nuclear Area    
3 Nuclear Roundness    
4 Optical Density Deviation (RMS)  
5 min axis/max axis   
6 Bin 1, Optical Density Histogram 
7 Bin 2, Optical Density Histogram 
8 Bin 3, Optical Density Histogram 
9 Bin 4, Optical Density Histogram 
10 Bin 5, Optical Density Histogram 
11 Bin 6, Optical Density Histogram 
12 Bin 7, Optical Density Histogram 
13 Bin 8, Optical Density Histogram 
14 Bin 9, Optical Density Histogram 
15 Bin 10, Optical Density Histogram 
16 Bin 11, Optical Density Histogram 
17 Bin 12, Optical Density Histogram 
18 Bin 13, Optical Density Histogram 
19 Bin 14, Optical Density Histogram 
20 Bin 15, Optical Density Histogram 
21 Bin 16, Optical Density Histogram 
22 Bin 17, Optical Density Histogram 
23 Bin 18, Optical Density Histogram 
24-44 Co-occurrence Matrix    
45-80 Run Length Matrix   
81 Short Run Emphasis   
82 Long Run Emphasis   
83 Grey level non-uniformity   
84 Run length non-uniformity   
85 Run Percentage    
86 O.D. Heterogeneity    
87 O.D. Homogeneity    
88 O.D. Clumpness    
89 O.D. Condensation    
90 O.D. 20% below mean in gray level 
91 O.D. mean in gray level 
92 O.D. 20% above mean in gray level 
93 Total number of lightly stained pixels 
94 Total number of average stained pixels 
95 Total number of darkly stained pixels 
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Journal Paper: The Design of a Handheld Optical Coherence Microscopy 

Endoscope 

ABSTRACT 

Optical Coherence Microscopy (OCM) combines coherence gating, high numerical 

aperture optics, and a fiber core pinhole to provide high axial and lateral resolution with 

relatively large depth of imaging.  We present a handheld rigid OCM endoscope with a 6 

mm diameter tip, 1 mm scan width, and 1 mm imaging depth.  This probe will allow non-

invasive imaging of fine structural detail in vivo. 

X-Y scanning is performed distally with mirrors mounted to micro galvonometer 

scanners incorporated into the endoscope handle.   Two scanning doublet lenses relay the 

stop from the galvos to the afocal relay stop.   The endoscope optical design consists of 

an afocal Hopkins relay lens system and a 0.4 NA objective.  To allow focusing at 

various depths in the tissue, the endoscope housing is designed in two pieces screwed 

together with a fine pitch threads. A small rotation of the outer housing moves the lenses 

proximal and distal relative to the window, causing the focal location in the tissue to 

change.  The space between the final objective lens and the window is filled with distilled 

water to avoid misalignment of the focus and coherence gate.   

A 1951 USAF negative glass slide resolution target was imaged and 228 lp/mm was 

resolvable.   This rigid handheld OCM endoscope will be useful for application ranging 

from minimally invasive surgical imaging to assessing dysplasia and sun damage in skin. 

Keywords:  Coherence, Tomography, Microscopy, Endoscopy 
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INTRODUCTION  

Optical Coherence Tomography (OCT) is a high resolution cross-sectional imaging 

technique that uses backscattered light from the index of refraction mismatches in tissue 

to create an image1.  OCT is analogous to ultrasound, where the image is created using 

backscattered sound waves.  Unlike ultrasound, a Michelson interferometer is needed to 

measure the backscattered light waves due to the faster speed of light and detector 

temporal integration times.  This method of time-gating photons allows OCT to detect 

depth-resolved structural information in highly scattering tissue up to 2 mm in depth.  

Conventional OCT systems use a low NA objective in the sample arm to achieve a 2 mm 

depth of focus, which results in lateral resolutions from 10 to 40 µm.  To achieve higher 

lateral resolution, a higher numerical aperture objective can be used along with dynamic 

focus tracking throughout the penetration depth2.   

For a Gaussian source spectrum, the axial (longitudinal) resolution is proportional to the 

square of the center wavelength and inversely proportional to the source bandwidth.  

Superluminescent diode (SLD) sources produce axial resolutions ranging from 5 to 15 

µm, while a femtosecond laser can produce submicron axial resolution3,4.   

In a time-domain OCT (TDOCT) system, the reference arm mirror is scanned at a 

constant velocity to collect information at varying depths in the sample within the depth 

of focus.  An axial scan is obtained by demodulating the detected interference signal at 

the Doppler shifted frequency due to the reference arm mirror motion.  In a typical 

Fourier domain OCT system, the reference arm mirror is stationary the detector is 
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replaced by a spectrometer and detected using an array of detectors.  The frequency of the 

measured signal oscillation in k space is proportional to the path length difference 

between the reference arm mirror and the reflecting plane of interest within the sample.  

Therefore, a Fourier transform of the spectral measurement will produce an axial scan 

profile similar to that obtained from TDOCT.  The first TDOCT endoscope was 

developed in 1997 with an axial resolution of 10 µm and a lateral resolution of 40 µm5.  

This endoscope was side firing and produced axial images.   

Most endoscopes that have been developed for OCT are side firing and produce cross 

sectional images which are not similar to the en face images produced with the forward 

firing OCM endoscope.  The implementation of a forward firing endoscope is more 

technically challenging, and the forward imaging probes reported thus far are relatively 

large, ranging from 1.65 mm to 7.5 mm6.  The first forward imaging endoscope was 

designed by Sergeev et al. in 1997, which used an electromechanical unit to move a fiber 

tip across the imaging plane of a stationary lens system.  This system achieved a 2.2 mm 

diameter flexible OCT probe.  Also in 1997, Boppart et al. presented two forward firing 

endoscope designs7.  The first consisted of a 6.4 mm diameter lead zirconate titanate 

(PZT) cantilever-based forward firing endoscope.  The second consisted of a fiber-GRIN 

lens assembly and a 19.5 cm rod lens to achieve a 2.68 mm diameter OCT endoscope for 

laparoscopic procedures with axial and lateral resolutions of 12 and 33 µm, respectively.  

More recently in 2004, a smaller diameter PZT actuator has been used to scan a fiber in 

front of a stationary GRIN lens, resulting in an endoscope with a 2.4 mm diameter, and 

axial and lateral resolutions of 25 and 16 µm, respectively8.  Similar to our approach, the 
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use of galvanometer scanning at the distal end of a rigid arthroscopic OCT probe has 

been reported with axial and lateral resolutions of 10 and 17 µm, respectively, over a 6 

mm scan range9.  Microelectromechanical systems (MEMS) have also been used to 

achieve 1D10,11,12 and 2D scanning13 in forward firing OCT probes. 

Confocal microscopy is a higher resolution en-face imaging modality that is also used to 

detect and identify disease.  The focal point in the sample is imaged back to a pinhole 

which aids in rejecting out of focus backscattered light.  Even with the use of pinhole 

imaging, confocal microscopy is limited to a penetration depth of a few hundred microns 

in highly scattering samples such as tissue.  Endoscopically, a lateral resolution of 1.2 µm 

and axial resolution of 3 µm with a 240 µm by 200 µm field of view has been obtained in 

a commercially available system14. 

An Optical Coherence Microscope (OCM) is a combination of an OCT system and a 

confocal microscope.  It has a coherence gate to increase the rejection of out of focus 

backscattered light and high numerical aperture optics coupled to a fiber pinhole to 

provide high lateral resolution.  It is essentially a reflectance confocal microscope with 

the addition of a coherence gate, which allows a penetration depth up to about 600 µm, 2 

times greater than that of confocal microscopy.  Our goal is to create an OCM endoscope 

with 2.5 µm lateral resolution (Airy disk spot size) and 8 µm axial resolution (in air) to 

visualize tissue microstructure, which would allow us to see the earliest stages of 

epithelial cancer development.  This endoscope would provide minimally invasive high 

resolution en face imaging, with the possibility of time-serial in vivo imaging.  The 
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endoscope can be, at the largest, 6 mm diameter at the tissue end and must be at least 30 

mm long to minimize surgical trauma.  It must also have a 1 mm field of view to 

visualize a large percentage of the target tissue.  In our case, we would like to use this 

endoscope to image ovarian cancer in a mouse model.    

MATERIALS AND METHODS  

Our current table top OCM system (Figure C-1) contains a superluminescent diode 

source centered at 835 nm with an 80 nm full width half maximum (FWHM) bandwidth.  

This produces a theoretical axial resolution of 8.3 µm in air.  The light intensity is split by 

a 50:50 single mode fiber coupler into a reference arm and a sample arm.  In the sample 

arm, light from the fiber is collimated and reflected off two X and Y scanning 

galvanometer mounted mirrors that perform en face scanning.  The galvanometers are 

controlled by the computer to synchronize scanning and data sampling.  A 20X infinity-

corrected water immersion microscope objective produces a 4 µm resolution with a 1 mm 

x 1 mm field of view.  The endoscope described further in this paper will replace this part 

of the table top system. 



 

Figure C-1: Block diagram of the OCM system.  SLD = Superluminescent Diode.  WDM =  Wavelength Division 

In the reference arm, fiber polarization adjustment paddles (not shown) are used to match 

polarization states in the sample and reference arms and ma

BK7 glass prism pair matches dispersion of the sample arm objective, and a 1.0 neutral 

density (ND) filter reduces reflected reference arm power to an amount comparable to the 

total power reflected from the sample arm.  The ligh

mirror glued on a piezoelectric stack. To achieve modulation, the piezoelectric stack is 

driven by a sinusoidal signal at its resonance frequency, 120 kHz. A peak to peak driving 

voltage signal of approximately 7 V cor

0.42λ15,16.  At this oscillation magnitude, the sum of the first two harmonic powers of the 

coherence fringe signal is insensitive to the interferometer phase drift.  The square root of 

this sum of harmonic powers is 

: Block diagram of the OCM system.  SLD = Superluminescent Diode.  WDM =  Wavelength Division 
Multiplexer. 

In the reference arm, fiber polarization adjustment paddles (not shown) are used to match 

polarization states in the sample and reference arms and maximize fringe visibility. A 

BK7 glass prism pair matches dispersion of the sample arm objective, and a 1.0 neutral 

density (ND) filter reduces reflected reference arm power to an amount comparable to the 

total power reflected from the sample arm.  The light is focused onto a small lightweight 

mirror glued on a piezoelectric stack. To achieve modulation, the piezoelectric stack is 

driven by a sinusoidal signal at its resonance frequency, 120 kHz. A peak to peak driving 

voltage signal of approximately 7 V corresponds to a displacement of 352 nm = 

.  At this oscillation magnitude, the sum of the first two harmonic powers of the 

coherence fringe signal is insensitive to the interferometer phase drift.  The square root of 

this sum of harmonic powers is the fringe amplitude.   
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mirror glued on a piezoelectric stack. To achieve modulation, the piezoelectric stack is 

driven by a sinusoidal signal at its resonance frequency, 120 kHz. A peak to peak driving 

responds to a displacement of 352 nm = 

.  At this oscillation magnitude, the sum of the first two harmonic powers of the 

coherence fringe signal is insensitive to the interferometer phase drift.  The square root of 
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A photodetector with integrated amplifier and high pass filter senses the signal from the 

sample and reference arms and eliminates the large direct current component. The 

interferometric signal is then demodulated and the signal components are acquired by a 

data acquisition board.  After signal combination and logarithmic compression the 

computer displays the en face image. 

The optical coherence microscopy endoscope design is shown in Figure C-2.  It consists 

of a collimating lens, distal X-Y scanning galvanometer mirrors, scanning doublets, an 

afocal Hopkins relay, and a 0.4 NA objective.  The 0.15 NA single mode fiber is 

collimated using a 12 mm focal length achromatic lens, producing a 3.6 mm diameter 

collimated beam.  This is reflected off two miniature 4 mm X and Y scanning 

galvanometer mirrors.   A pair of scanning doublets relay the stop between the mirrors to 

the afocal Hopkins relay stop.  The afocal Hopkins relay17 consists of two meniscus relay 

lenses and two rod lenses that contain the field lenses.  The rod lenses are made with a 

high index glass to reduce the f/#.  The stop is relayed from the afocal Hopkins relay to 

the 0.4 NA objective, and the light is focused onto the tissue.  



 

Figure C-2: Optical Coherence Microscopy

 

The system was modeled in Zemax, and the simulated system has an Airy disk diameter 

of 2.5 µm and the modulation transfer function (MTF) shows 300 lp/mm can be

at greater than 0.5 contrast (Figure 

which has a radius of curvature of 4 mm.  This results in a full field sag of 31 µm, which 

would appear as a reduction in field of view only when imaging dep

A tolerance analysis was performed, and the results showed that once the endoscope was 

assembled the 300 lp/mm contrast may reduce to 0.3 contrast.

2: Optical Coherence Microscopy Endoscope design.  Scan = scanning doublets.  Relay = Hopkins 
afocal relay.   Obj = objective. 

The system was modeled in Zemax, and the simulated system has an Airy disk diameter 

of 2.5 µm and the modulation transfer function (MTF) shows 300 lp/mm can be

at greater than 0.5 contrast (Figure C-3).  The tissue is imaged at the Petzval surface, 

which has a radius of curvature of 4 mm.  This results in a full field sag of 31 µm, which 

would appear as a reduction in field of view only when imaging depths less than 31 µm.  

A tolerance analysis was performed, and the results showed that once the endoscope was 

assembled the 300 lp/mm contrast may reduce to 0.3 contrast. 
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Figure C-3: OCM Endoscope theoretical Modulation Transfer Function (MTF).  300 line 

 

To allow focusing at various depths in the tissue, the endoscope housing is designed in 

two pieces screwed together with a fine pitch threads near the location of the scanning 

doublets.  The outer housing hol

housing holds the refractive optics 

(Figure C-2). A small rotation of the 

outer housing moves the lenses 

proximal and distal relative to the 

window, causing the focal location 

in the tissue to change.

illustrated in Figures C-4a and 

Figure C-4a shows the initial 

endoscope configuration with the 

3: OCM Endoscope theoretical Modulation Transfer Function (MTF).  300 line 
resolved at greater than 0.5 contrast. 

To allow focusing at various depths in the tissue, the endoscope housing is designed in 

two pieces screwed together with a fine pitch threads near the location of the scanning 

doublets.  The outer housing holds the distal window and water reservoir, and the inner 

housing holds the refractive optics 

2). A small rotation of the 

outer housing moves the lenses 

proximal and distal relative to the 

window, causing the focal location 

in the tissue to change.  This is 

4a and C-4b.  

4a shows the initial 

endoscope configuration with the 

Figure C-4a (left):  Initial endoscope configuration with 
the focal location at a minimal depth in the tissue. 

Figure C-4b (right):  As the outer housing is rotated 
upward, the focal location moves to a maximum depth of 1 
mm in the tissue. 
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3: OCM Endoscope theoretical Modulation Transfer Function (MTF).  300 line pairs/mm can be 

To allow focusing at various depths in the tissue, the endoscope housing is designed in 

two pieces screwed together with a fine pitch threads near the location of the scanning 

ds the distal window and water reservoir, and the inner 

 

4a (left):  Initial endoscope configuration with 
the focal location at a minimal depth in the tissue.  

4b (right):  As the outer housing is rotated 
moves to a maximum depth of 1 
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focal location at a minimal depth in the tissue.  As the outer housing is rotated upward, 

the focal location moves to a maximum depth of 1 mm in the tissue (Figure C-4b).   

Another complicating factor with most OCM systems is that the path length in the 

reference arm must be adjusted to account for a change in path length in the sample arm 

during focusing.  The sample arm path length changes because light in the sample arm is 

travels through less air and more tissue as the focus is moved deeper. We avoid this 

problem in our endoscope design by filling the space between the final objective lens and 

the window with distilled water. Since the refractive index of tissue is close to water, and 

the focus will be adjusted by less than 1 mm, misalignment of the focus and coherence 

gate in tissue will be negligible. The housing will be designed to accommodate the 

displacement of water during focusing.  This type of design also enables optical imaging 

at a single conjugate, or a single object and image location, which eases the optical 

design. 

The inner and outer endoscope housing was machined out of brass to insure a smooth 

interface without galling between male and female threads, and to avoid the additional 

anodization thickness that would have been added if the housing was machined out of 

aluminum.  The 4 mm galvanometer mirrors are mounted and attached to the collimating 

lens mount and the endoscope housing through the use of 3 aluminum alignment 

surfaces.  Therefore, when the endoscope is assembled it is self-aligned.  Figures C-5a 

and C-5b show the proximal end of the endoscope compared to a penny and the complete 

assembled endoscope.   
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RESULTS 

An on-axis edge response function (ERF) with both custom optics tubes was acquired at 

two steps of the assembly process.  The first set of ERFs were taken with only the 

collimating lens and each of the custom optics tube.  The second set of ERFs were taken 

with all the lenses and the scanning galvanometer mirrors in place, also with each set of 

custom optics.  The derivative of the ERF was taken to obtain the line spread function 

(LSF), and the Fourier transform of the LSF was taken to obtain the modulation transfer 

function (MTF).  A negligible amount of difference in the on-axis MTF between the two 

custom optics tubes, as well as between the MTFs acquired at the two steps, was seen.  

As a measure of on and off-axis resolution, a 1951 USAF negative glass slide resolution 

target was imaged and 228 lp/mm was resolvable (Figure C-6).  The fringes seen in this 

      

Figure C-5a (left): Proximal end of OCM endoscope compared to a U.S. penny 

Figure C-5b (right): Assembled OCM endoscope 



 

image are created from equal opti

observable when imaging tissue samples.  

 

Figure C-6: Image of a 1951 USAF negative glass slide.  Group 7 element 6 (228 lp/mm) is resolvable.

 

Preliminary 500 µm x 5

showing cellular structure, 

 

 

image are created from equal optical path differences on the flat surface, and will not be 

observable when imaging tissue samples.    

 

6: Image of a 1951 USAF negative glass slide.  Group 7 element 6 (228 lp/mm) is resolvable.

500 µm OCM endoscope images were taken of a 

cellular structure, parenchyma, and possibly cell nuclei (Figure 
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cal path differences on the flat surface, and will not be 

6: Image of a 1951 USAF negative glass slide.  Group 7 element 6 (228 lp/mm) is resolvable. 

taken of a finger tip 

C-7a and C-7b).    



 

Figure C-7a (left):  A preliminary 
structures such as vacuoles and parenchyma.  

Figure C-7b (right): A preliminary 
possible cell nuclei. 

 

CONCLUSION 

OCM provides close to cellular resolution, and an endoscope 

invasive imaging of tissue microstructure.  Preliminary testing of th

adequate resolution, and the preliminary image

endoscope will primarily be used for minimally invasive surgical imag

animals.  It may also be convenient to use the handhold the endoscope and assess 

dysplasia and sun damage in skin.

 

 

   

A preliminary 500 µm x 500 µm OCM endoscope image of a finger tip showing ce
structures such as vacuoles and parenchyma.   

A preliminary 500 µm x 500 µm OCM endoscope image of a finger tip.  Arrows point to 

OCM provides close to cellular resolution, and an endoscope would enable minimally 

invasive imaging of tissue microstructure.  Preliminary testing of th

resolution, and the preliminary images show structural features.  This 

endoscope will primarily be used for minimally invasive surgical imag

animals.  It may also be convenient to use the handhold the endoscope and assess 

dysplasia and sun damage in skin. 
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image of a finger tip showing cellular 

500 µm x 500 µm OCM endoscope image of a finger tip.  Arrows point to 

would enable minimally 

invasive imaging of tissue microstructure.  Preliminary testing of the device shows 

structural features.  This 

endoscope will primarily be used for minimally invasive surgical imaging in small 

animals.  It may also be convenient to use the handhold the endoscope and assess 
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APPENDIX D 

 

Optical Coherence Microscopy Endoscope Design Details 

The Optical Coherence Microscopy (OCM) endoscope was designed to be a minimally 

invasive high resolution en face imaging tool.  To minimize surgical trauma, the 

endoscope diameter at the tissue end could be no more than 6mm in diameter and the 

relay length of this 6 mm diameter section needed to be greater than 30 mm.  The 

endoscope was designed for a superluminescent diode (SLD) source with a center 

wavelength of 830 nm and a bandwidth of 70 nm, which provided a good compromise 

between axial resolution and penetration depth.  To enable the visualization of 

microstructural details, the endoscope needed to resolve 300 lp/mm at 0.3 contrast.  

Lastly, this endoscope will be used to image skin and murine ovarian cancer, therefore a 

minimum full field of view (FFOV) of 1 mm was desired to visualize a large percentage 

of the target tissue, as well as a 1 mm imaging depth to view tissue structures.  The OCM 

endoscope design was accomplished by using a collimating lens, mirrors mounted to two 

scanning galvanometers, scanning lenses, an afocal Hopkins relay, and a 0.4 NA 

objective.  Each portion of the endoscope is explained in detail in the subsequent 

paragraphs. 

Design Criteria 

The optical coherence microscopy endoscope optical design and mechanical housing is 

shown in Figure D-1.  The optical design consists of a collimating lens, distal X-Y 



 

scanning galvanometer mirrors, scanning doublets, an afocal Hopkins relay, and a 0.4 NA 

objective.  This endoscope design met the specifications of a 6 mm diameter at the tissue 

end and a minimum relay length of 30 mm by using miniature 4.5 mm diameter optics in 

the relay and objective at the tissue end of the endoscope, and larger optics for the 

collimating lens and scanning doublets.

endoscope is discussed in detail, a few design issues are considered.  First, the 

implementation of maintaining alignment between the high NA focus and the coherence 

gate will be explained.  Second, the design requirement of telecentricity will be explored.  

Lastly, the design limitations are mentioned.

Figure D-1: Optical Coherence Microscopy Endoscope design.  Scan = scanning doublets.  Relay = Hopkins 
afocal relay.   Obj = objective. 

 

The objective was designed with a 0.4 NA in order to achieve high lateral resolution.  

This high NA requires focus tracking as the imaging depth changes in order to maintain 

alignment between the focus and the coherence gate.  We solved

introducing water between the last element in the objective and the cover glass

scanning galvanometer mirrors, scanning doublets, an afocal Hopkins relay, and a 0.4 NA 

This endoscope design met the specifications of a 6 mm diameter at the tissue 

end and a minimum relay length of 30 mm by using miniature 4.5 mm diameter optics in 

the relay and objective at the tissue end of the endoscope, and larger optics for the 

mating lens and scanning doublets.  Before the optical design for each portion of the 

endoscope is discussed in detail, a few design issues are considered.  First, the 

implementation of maintaining alignment between the high NA focus and the coherence 

will be explained.  Second, the design requirement of telecentricity will be explored.  

Lastly, the design limitations are mentioned.   

: Optical Coherence Microscopy Endoscope design.  Scan = scanning doublets.  Relay = Hopkins 

The objective was designed with a 0.4 NA in order to achieve high lateral resolution.  

This high NA requires focus tracking as the imaging depth changes in order to maintain 

alignment between the focus and the coherence gate.  We solved 

introducing water between the last element in the objective and the cover glass

98 

scanning galvanometer mirrors, scanning doublets, an afocal Hopkins relay, and a 0.4 NA 

This endoscope design met the specifications of a 6 mm diameter at the tissue 
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the relay and objective at the tissue end of the endoscope, and larger optics for the 
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: Optical Coherence Microscopy Endoscope design.  Scan = scanning doublets.  Relay = Hopkins 

The objective was designed with a 0.4 NA in order to achieve high lateral resolution.  

This high NA requires focus tracking as the imaging depth changes in order to maintain 

 this problem by 

introducing water between the last element in the objective and the cover glass.  This 



 

ensures that the optical path length in the sample arm stays constant at various imaging 

depths in the tissue, and therefore maintains alignment with th

implement a water reservoir, the endoscope housing was designed in two pieces.  The 

inner housing contains the refractive optics (scan lenses, relay, and objective) and the 

outer housing contains a water reservoir and a cover glass (F

outer housing moves the lenses 

relative to the window, causing the 

focal location in the tissue to change

(Figures D-2a and D-2b).  This type 

of design also enables single 

conjugate imaging, in which the 

optics need to function at only o

object and image location for various 

imaging depths.  This eases the 

optical design in a high resolution 

system.  

Telecentricity is a requirement in most microscope designs because it provides uniform 

magnification of the field of view at various depth

tissue sample using a basic microscope, one sees out of focus cells and in focus cells as 

the same size because the microscope is telecentric in image space, defined by the chief 

ray in image space being parallel to t

loosened in an OCM or OCT system because most tissue samples are thick, and the 

ensures that the optical path length in the sample arm stays constant at various imaging 

depths in the tissue, and therefore maintains alignment with the coherence gate.  To 

implement a water reservoir, the endoscope housing was designed in two pieces.  The 

inner housing contains the refractive optics (scan lenses, relay, and objective) and the 

outer housing contains a water reservoir and a cover glass (Figure D-1).

outer housing moves the lenses 

relative to the window, causing the 

focal location in the tissue to change 

).  This type 

of design also enables single 

conjugate imaging, in which the 

optics need to function at only one 

object and image location for various 

imaging depths.  This eases the 

optical design in a high resolution 

Telecentricity is a requirement in most microscope designs because it provides uniform 

magnification of the field of view at various depths in the sample.  When imaging a thick 

tissue sample using a basic microscope, one sees out of focus cells and in focus cells as 

the same size because the microscope is telecentric in image space, defined by the chief 

ray in image space being parallel to the optical axis.  The requirement of telecentricity is 

loosened in an OCM or OCT system because most tissue samples are thick, and the 

Figure D-2a (left):  Initial endoscope configuration with 
the focal location at a minimal depth in the tissue. 

Figure D-2b (right):  As the outer housing is rotated 
upward, the focal location moves to a maximum depth of 1
mm in the tissue. 
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ensures that the optical path length in the sample arm stays constant at various imaging 

e coherence gate.  To 

implement a water reservoir, the endoscope housing was designed in two pieces.  The 

inner housing contains the refractive optics (scan lenses, relay, and objective) and the 

1).  Rotation of the 

Telecentricity is a requirement in most microscope designs because it provides uniform 

s in the sample.  When imaging a thick 

tissue sample using a basic microscope, one sees out of focus cells and in focus cells as 

the same size because the microscope is telecentric in image space, defined by the chief 

he optical axis.  The requirement of telecentricity is 

loosened in an OCM or OCT system because most tissue samples are thick, and the 

 

(left):  Initial endoscope configuration with 
the focal location at a minimal depth in the tissue.  

(right):  As the outer housing is rotated 
upward, the focal location moves to a maximum depth of 1 
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coherence gate rejects any photons backscattered from depths outside the coherence gate.  

Therefore, the system only has to be telecentric enough such that a change in 

magnification is not observable over the length of the coherence gate, about 10 µm.  In 

this OCM endoscope design, the chief ray angle is 1° at the image plane, which changes 

the FFOV by less than 1 µm within a 10 µm coherence gate.   

This endoscope design is limited by 1.5 waves of spherical aberration and 3 waves of 

field curvature, which produces a full field sag of 31.25 µm.  In each portion of the 

endoscope, the design prioritized minimizing these two aberrations.  

Optical Design 

Collimating Lens  

In order to collimate 795 to 865 nm light originating from a 0.15 NA single mode fiber, 

we selected an off the shelf achromatic doublet as the collimating lens.  A 6 mm diameter 

lens with a 12 mm focal length was chosen because it provided a good compromise 

between the amount of spherical aberration generated and a short focal length, which 

minimized the collimated beam diameter and the size of the endoscope.  The collimated 

beam diameter produced is 3.6 mm. 

XY Scanning Mirrors 

The collimated light reflects off two X and Y mirrors mounted to scanning 

galvanometers.   The X and Y mirrors serve as the respective optical stop for the X and Y 

axis beams since the field angles are created at the mirrors.  The distance between the X 
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and Y mirror centers in their nominal position is 4.8 mm.  In the optical design model, the 

stop is approximated to be in the middle of these mirrors.  Due to this approximation, the 

resolution of the assembled endoscope may decrease from the optical model, particularly 

at the edge of the field.  This effect can be seen in the optical design by manually shifting 

the stop by +/- 2.4 mm, as shown in Figures D-3a to D-3c.  In addition to the effect on 

resolution, some vignetting may occur at the edge of the field.  Since the source is 

Gaussian apodized, this should not result in significant light loss.   
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Figure D-3a (top): Full field MTF with the stop located midway between the X and Y mirrors.  Lines from top to 
bottom: diffraction limit, sagittal (x-axis) response, tangential (y-axis) response 

Figure D-3b (middle):  Full field MTF with the stop located at the X mirror.  Lines defined in Figure D-3a. 

Figure D-3c (bottom): Full field MTF with the stop located at the Y mirror.  Lines defined in Figure D-3a. 
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The selected X and Y galvanometer mirrors accept a beam with a 4 mm maximum 

diameter and scan this beam at a maximum of +/- 10 optical degrees.  In order to create a 

1 mm FFOV with this endoscope, an optical scan angle of +/- 7° was needed therefore 

these mirrors met the necessary criteria.  Additionally, the mount for these mirrors was 

compact and aided in minimizing the endoscope size.  In selecting a servo board to 

control the scanning galvanometers, we considered the FFOV, desired resolution, and 

desired image acquisition speed.  The endoscope was designed to image a 3.3 µm line 

pair with 0.3 contrast.  If an image was acquired in 1 second such that one pixel 

corresponds to 1.6 µm, or a 600 x 600 pixel image across a 1 mm x 1mm FFOV, the 

servo board would need to drive the galvanometers at 600 Hz with a triangle or saw tooth 

wave.  Cambridge Technology advised us that the 6210 galvanometer scanner could run a 

600 Hz saw tooth wave with a 70% 

duty cycle, which met our needs.  

Lastly, the scan linearity was analyzed 

by verifying the endoscope design 

contained the necessary amount of 

positive (barrel) distortion needed to 

produce a linear scan.  In this design, 

5 waves of barrel distortion was 

sufficient to provide a linear scan, as 

shown in Figure D-4. 

 

Figure D-4:  The image plane is scanned with a linear                                 
dependence on the galvanometer mirror angle 
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Scan Lenses 

The stop between the scanning galvanometers is then relayed to the stop for the afocal 

Hopkins relay by the use of two off the shelf scanning doublets.  9 mm diameter doublets 

were selected because they provided a good compromise between the amount of 

aberration generated (0.25 waves spherical aberration per lens) while minimizing the size 

of the endoscope. 

Relay     

The custom optics consisted of 4.5 mm diameter lenses in the relay and objective.  These 

small lenses allowed enough room for the optics tubing, water reservoir, and outer 

housing while maintaining a 6 mm outer diameter (OD) of the endoscope at the tissue 

end.  The endoscope was designed using a Hopkins relay which incorporates a glass rod 

between the field and relay lenses.  The glass rod enables a reduction in f/# that is 

proportional to the square of the index of refraction of the relay rod, so we chose to 

fabricate the rod lenses using Schott glass N-SF66 with an index of refraction of 1.92.  

The following two designs were considered, with parts listed in order optically:  1) two 

scanning doublets, an afocal Hopkins relay, and a 0.4 NA objective and 2) two scanning 

doublets, a 0.4 NA objective, and a 1:1 Hopkins relay.  Design 1 was advantageous 

because it was easier to design a longer afocal relay than focal relay, and there were 

fewer elements in this relay design and still met the resolution criteria.  The disadvantage 

to design 1 was the 4.5 mm diameter objective, which introduced most of the aberrations.  

Design 2 was advantageous because it used an 8 mm diameter objective, but had a short 
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and complicated relay that needed to relay a 0.4 NA cone of light.  Design 1 was selected 

for manufacturing because a long relay was needed, and design 1 contained fewer 

elements therefore making it more cost effective.   The afocal Hopkins relay in design 1 

imaged the stop from the scanning doublets to the objective’s stop.  A high index 

meniscus relay lens was used in the afocal Hopkins relay to minimize field curvature and 

spherical aberration. 

Objective 

The 0.4 NA objective was created using two doublets to correct dispersion and spherical 

aberration, and a meniscus lens to minimize field curvature.  Both the relay and the 

objective were optimized to correct for aberrations introduced from using off the shelf 

lenses for the collimating lens and scanning lenses.  The cover glass was manufactured 

from a high index of refraction glass to maximize the amount of negative spherical 

aberration generated from placing a plane parallel plate in converging light.  This aided to 

offset the positive spherical aberration generated from the focusing elements.  In total, 

there were 10 custom elements manufactured: 4 elements in the afocal relay, 5 elements 

in the objective, and 1 cover glass. 

Tolerance Analysis 

Once the optical design was complete, a tolerance analysis was performed to determine 

the effects of errors in the radius of curvature, lens thickness, surface and element tilt, 

surface and element decentering, surface irregularity, index of refraction, and Abbe 

number.  A sensitivity tolerance analysis and a Monte Carlo tolerance analysis were both 
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performed.  A sensitivity tolerance analysis considers the effects on the selected criterion 

for each tolerance individually.  The aggregate performance is estimated by a root-sum-

square calculation, assuming that all the sources of error are acting independently.  

Initially, all the sources of error were set to have standard precision tolerances to 

minimize costs, and a sensitivity tolerance analysis was performed to evaluate the “worst 

offenders”, or sources of error that strongly degrade the image quality.  Once a list of 

worst offenders was complied, the tolerance on each of these offenders was slowly 

tightened until the image quality was acceptable.  With the sources of error and their 

respective tolerances shown in Table D-1, a sensitivity tolerance analysis estimated the 

RMS wavefront error to increase from a nominal value of 0.06 waves to 0.29 waves 

(Table D-2).  A Monte Carlo simulation is an alternate way of estimating aggregate 

effects of all tolerances, by generating a series of random lenses which meet the specified 

tolerances, then evaluating the criterion.  Using the same tolerances, a Monte Carlo 

simulation with 100 lenses generated estimated that for 90% of the lenses the RMS 

wavefront error to increase to 0.14 waves and the MTF contrast at 300 lp/mm would 

reduce from a nominal value of 0.57 contrast to 0.42 contrast.  The results of this 

tolerance analysis directed us to design a custom mount to hold the scanning lenses in 

place that could hold a tight element decentering tolerance. 
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Table D-1: Tolerance analysis for OCM endoscope off the shelf and custom optics 

Source of Error Tolerance Precision 

Off the shelf lenses   

Radius of Curvature +/- 1% Standard 

Thickness +/- 0.2 mm Low 

Surface Tilt 3-5 arc min Standard 

Element Decentering 

Off the shelf collimating lens mount 

Custom scanning lens mount 

 

+/- 75 µm 

+/- 37.5 µm 

 

Standard 

High 

Element tilt +/- 0.5° Standard 

Surface Irregularity +/- 0.5 fringes Standard 

Index of Refraction +/- 0.001 Standard 

Abbe number +/- 1% Standard 

   

Custom Lenses (10 elements)   

Radius of Curvature 

Exceptions*:  1-1, 4-1, 4-2 

+/- 3 fringes 

+/- 1 fringe 

Standard 

High 

Thickness 

Exceptions: 

Element 1 

Element 2 

+/- 35 µm 

 

-15 µm to 20 µm 

-20 µm to 35 µm 

Standard 

 

 

High 
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Element 3 

Element 4 

Element 5 

Element 9 

-20 µm to 20 µm 

-20 µm to 20 µm 

-20 µm to 35 µm 

-20 µm to 15 µm 

Surface Decentering 

Exceptions*:  1-1, 1-2, 4-1, 4-2, 8-1, 

9-2 

+/- 12 µm 

+/- 5 µm 

Standard 

High 

Surface Tilt 

Exceptions*: 1-1, 2-2, 3-1, 4-2 

+/- 5 arc min 

+/- 3 arc min 

Standard 

High 

Element Decentering 

Exceptions: 

Elements 1, 2, 3, 8, 9 

Element 4 

+/- 12 µm 

 

+/- 5 µm 

-12 µm to 5 µm 

Standard 

 

High 

Element Tilt 

Exceptions: 

Elements 1 and 4 

Elements 2 and 3 

+/- 0.2° 

 

+/- 0.1° 

+/- 0.05° 

Standard 

 

High 

Surface Irregularity 

Exceptions*: 5-1 

+/- 0.5 fringes 

-0.3 to 0.5 fringes 

Standard 

High 

Index of Refraction +/- 0.001 Standard 

Abbe Number +/- 1% Standard 
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Table D-2: Estimated RMS wavefront error and MTF contrast at 300 lp/mm with the 
tolerances shown in Table 1. 

Criterion Mode 
Nominal 

Value 

Estimated 

Value 

RMS Wavefront Sensitivity 0.06 waves 0.29 waves 

RMS Wavefront Monte Carlo 0.06 waves 0.14 waves 

Diffraction MTF at 300 

lp/mm 
Monte Carlo 0.57 0.42 

 

Mechanical Design 

Collimating Lens 

The tolerance analysis established that the use of an off the shelf mount for the 6 mm 

diameter collimating doublet would be acceptable.  The appropriate lens mount sold by 

Edmund Optics was modified to mate with a Thor Labs fiber adapter plate (Figure D-5).  

The modifications consisted of removing the male C-mount threads and adding 0.535-40 

female threads to mate the Thor Labs extension tube and fiber adapter.  
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Figure D-5:  Collimating lens mount (Edmund Optics 6.25 mm thick lens C-mount) modified to mate with a 
Thor Labs fiber adapter 

 

Collimating Lens, Scan Lens, and XY Mirror Interface 

In order to mate the male threads on the collimating lens C-mount, the flange on the 

scanning lens mount (described below), and the scanning galvanometer mount, the 

University Research Instrumentation Center (URIC) machine shop designed a 3 

aluminum plate interface mount.  One aluminum plate contains female threads for the 

collimating lens C-mount, the second contains a bore and 3 #6 screw taps to screw the 

scanning doublet flange into, and the third aluminum plate contains 3 M3-0.5 taps to 
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screw the scanning galvanometer mount into.  These 3 aluminum plates are alignment 

surfaces, so the endoscope is self aligned when assembled. 

Endoscope Inner Housing Mechanical Design 

Scan Lenses 

As mentioned previously, the mechanical design of the endoscope consists of an inner 

portion that holds the refractive optics and an outer portion that contains the water 

reservoir and cover glass.  An overview of the endoscope inner and outer housing 

mechanical design is shown in Figure D-6.  The scanning lenses are held in place by a 

custom mount (Figures D-7a and D-7b).  As necessitated by the tolerance analysis, this 

mounts limits the element decentering to +/- 37.5 µm.  In addition to using a single 

custom mount as opposed to 3 off the shelf components (2 Edmund Optics 9 mm 

diameter lens C-mounts and 1 C-mount extension tube), the error originating from the 

slop in threading is reduced.   

 

 

Figure D-6: Mechanical design of the OCM endoscope inner and outer housing 



112 
 

 

 

Figure D-7a (top): Mechanical drawing of the scan lens mount 

Figure D-7b (bottom):  Mechanical drawing of the scan lens mount flange cross section 

 

The spacer thickness was calculating using the desired center to center thickness of the 

scanning lenses, and accounted for the sag in the lenses at the point of contact between 

the spacers and the lenses (Figure D-8).  Nominally the spacer thickness was 23.60 mm, 

but due to the tolerance in the focal length of the scan lenses, a spacer of thickness 23.512 

mm produced collimated light.  The length of the brass spacers can be shortened by 

sanding down about 5 µm at a time using 600 grit sand paper and Scotch Brite.  On the 
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inside of the scanning lens mount, one side contains M11 X 0.5 female threads for a 

retaining ring that compresses two lenses and one spacer in place.  The other side 

contains female 10 mm X 40 TPI (non-standard) to mate with the male threads on the 

custom optics tube.  The outside of the scanning lens mount contains male 0.75X40 

threads that allow for rotation of the focusing tube with respect to the scanning lens 

mount, which in turn adjusts the imaging depth.  A set screw in the flange of the scanning 

lens mount stops the user from damaging the cover glass while adjusting the imaging 

depth.  Lastly, the outside of the scanning lens mount also contains a -016 o-ring groove 

in order to contain the water reservoir between the custom optics and the outer housing. 

 

Figure D-8: Mechanical drawing of the multiple scan lens spacers 
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Relay and Objective 

Two sets of custom optics (relay and objective) were manufactured by Optics 

Technology (Pittsford, NY).  The tube containing these elements (Figure D-9) has a 250 

µm wall thickness and a 5 mm outer diameter (OD).  The tubes were machined with a 

structural support between the rod lenses.  The nominal thickness between the rod lenses 

is 200 µm, and the actual thickness is 215 µm in tube 1 and 240 µm in tube 2.  The first 

element in the relay in both tubes is protected by 1 mm of tubing, and the last element in 

the objective (element 9) is protected by 85 µm in tube 1 and 125 µm in tube 2.  The 

male threads on these tubes are 10 mm X 40 TPI, and contain notches to grip the tube 

with a wrench.  The tube number is engraved into the bottom of the threaded portion.   

 

Figure D-9: Mechanical drawing of the custom lens tube manufactured by Optics Technology 
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Endoscope Outer Housing Mechanical Design 

The outer endoscope housing consists of a 3 pieces glued together: a custom brass 

focusing tube, a 6 mm OD brass off the shelf tube, and the cover glass.  The inner 

diameter (ID) of the focusing tube (Figure D-10) was determined by the -016 o-ring OD 

and desired o-ring compression.  The focusing tube has female threads to mate with the 

male threads on the scanning lens mount.  This portion also contains a notch to glue the 6 

mm brass tube.  When purchased, the tubes had an ID of 5.1 mm and were reamed out 

with a 0.208” (5.28 mm) reamer by the URIC machine shop.  The ID was then measured 

to be 5.207 mm.  Therefore, there is about 100 µm for water between the custom optics 

tube and the off the 6 mm brass tube.  The URIC machine shop also cut the lengths of 

these tubes to be 44 mm.  The cover glass was designed with a bevel (Figure D-11) to 

allow room for the glue to sit between the cover glass and off the 6 mm brass tube.   

 

Figure D-10: Mechanical drawing of the focusing tube 
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Figure D-11: Mechanical drawing of custom optics element 10, the beveled cover glass.  Units: mm 
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Endoscope Assembly 

Collimating Lens 

To assemble the fiber adapter in the collimating lens mount, Permatex medium strength 

threadlocker glue was used to hold the fiber adapter in position.  Syringe application 

allowed careful placement of the threadlocker glue on the male and female threads of the 

fiber adapter and extension tube, respectively.  After the application of glue, the fiber 

adapter was threaded into the extension tube until collimated light was observed and was 

left in place overnight to allow the glue to cure.  To remove the fiber adapter from the 

extension tube, applying a strong torque to the fiber adapter should cause the threadlocker 

glue to shatter.   

XY Mirrors 

The scanning galvanometers required two 28V 11A power supplies, one supplying +28 V 

and the other supplying –28V with a common ground.  The electrical wiring from the 

power supply to the servo 

board are shown in Figure D-

12.  The remaining electrical 

wiring of the servo board to 

the analog output channels on 

the DAQ board and the servo 

board to the galvanometer 

scanner were made according 

 
Figure D-12: Scanning galvanometer servo board power supply 

connections 
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to the 673X Dual Axis Servo Manual.  Cambridge Technologies recommended 

Wakefield flat back heat sink 2015 to cool the servo board.  

Refractive Optics 

The scanning lens mount assembly required the selection of the correct spacer length in 

order to produce collimated light.  One scanning doublet, the selected spacer, and the 

second doublet were dropped into the barrel and the retaining ring was screwed in to keep 

the lenses in place.  The custom optics tube was screwed into position, and sealed using 

RTV silicone.   

Endoscope Outer Housing 

The outer housing assembly 

consisted of gluing the cover glass 

to the 6 mm OD brass tube, then 

gluing this assembly to the focusing 

tube.  Norland optical adhesive 63 

UV curing epoxy was used to glue 

these three parts together.  The 

procedure to glue the cover glass on 

the 6 mm brass tube consisted of 

clamping the 0.208” reamer with 

the shank side upwards inside the 6 
 

Figure D-13:  Picture of assembly needed to glue the cover 
glass to the 6 mm brass tube 
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mm brass tube using two separate clamps (Figure D-13).  The cover glass was then 

placed on the reamer shank with the bevel side up, and 4 drops of glue were placed on 

each corner between the cover glass and the 6 mm brass tube.  Two 60 second UV light 

exposures were applied to cure the glue.  The reamer was then removed to avoid gluing 

the cover glass to the reamer.  The remaining cracks between the cover glass and the 

brass tube were glued and this assembly was then glued to the focusing tube.   

To acquire an image using this endoscope, 1 mL of DI water is poured into the outer 

housing and the outer housing is screwed on to the scanning lens mount.  After the image 

is acquired, all the parts exposed to water must be dried off.  If oxidizing is apparent on 

the brass off the shelf tube, a 5 µm thick gold plating should be considered.   

Reference Arm 

The original reference arm that matches the tabletop sample arm is shown in Figure D-

14.  Distances between elements are recorded in Table D-3.  To facilitate switching 

between the reference arm for the tabletop sample arm configuration and the endoscope 

reference arm configuration the endoscopic reference arm is mounted on a rail (Figure D-

15).  The endoscopic reference arm was divided into two parts, and each part was 

mounted on a 3.5” rail carrier.  The first rail carrier contains the fiber, collimating lens, 

cover glass, and scanning doublets.  The fiber and collimating lens were mounted as 

described in the sample arm mechanical design section.  The cover glass was glued to a 

#8 washer and then glued to the collimating lens mount.  Since tight decentering 

tolerances were not needed in the reference arm optics, the scanning doublets were 
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mounted using off the shelf C-mounts and a 15 mm extension tube.  All of the 

components from the fiber to the last scanning doublet were combined in 1 C-mount 

tube.  An adapter with internal C-mount threads and external SM1 threads allowed this 

tube to be threaded into a standard cage plate assembly.  The cage plate assembly also 

includes an empty cage plate for the neutral density filter in the tabletop reference arm 

setup.  The second rail carrier contains the custom optics tube and the mirrored piezo 

electric stack.  The custom optics tube is defocused such that power reflected from the 

reference arm matches the power reflected from the sample arm when imaging a cover 

glass.  The reference arm optics are an exact match to the optics in the sample arm, so no 

other dispersion compensation is necessary.     

In order to switch from the endoscope matching reference arm to the table top matching 

reference arm the following steps are taken: 

1. Slide the fiber rail carrier back to the marked position  

2. Remove the custom lens tube cage plate 

3. Insert the 1” focusing lens into its mount 

4. Insert the BK7 dispersion compensating prism 

5. Insert the ND 1.0 filter 
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Figure D-14: Picture of the original reference arm that matched the tabletop sample arm 

 

Table D-3:  Original reference arm distances 

Fiber adapter cage plate right edge to Collimating lens cage plate left edge 4.0 cm 
Collimating lens cage plate right edge to ND cage plate left edge 0.5 cm 
ND filter holder right edge to BK7 prism left edge 3.8 cm 
BK7 prism right edge to focusing lens cage plate left edge 8.0 cm 
Focusing lens cage plate right edge to piezo cage plate left edge 2.2 cm 

 

Fiber adapter ND 1.0 filter 
Focusing lens 

Mirrored piezo-
electric stack 

Collimating 
lens 

BK7 dispersion 
compensating prism 
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Figure D-15: Picture of the Endoscopic Reference Arm 

 

Generation 2 OCM Endoscope 

Based on my experience in designing the first OCM endoscope, I would consider the 

following ideas if I were to design a generation 2 OCM endoscope.  First, the optical 

design would be eased and the resolution would improve with the use of a single scanner 

that scans 2 axes.  One option would be the 2-axis microelectromechanical (MEMS) 

scanner available from Mirrorcle Technologies Inc.  The advantages of using a 

galvanometer scanner instead of a MEMS scanner are the scan reliability, the tight mirror 

flatness tolerance, and the ability to use large mirrors.  In the future, the mirror quality 

and the scan reliability of MEMS may improve.  If a lower f/# lens can be used for the 

Lens tube (fiber adapter, 
collimating and scan lenses) Custom relay 

and objective 

Mirrored piezo-
electric stack 

ND filter holder 
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collimating lens, this would reduce the beam diameter, and possibly enable the use of a 

MEMS scanner.  A MEMS scanner would also reduce the size of the OCM endoscope. 

Another option to increase the resolution of the endoscope is to add one aspheric surface 

to the objective.  Techniques are currently being developed to mold a variety of glass 

types, which would facilitate making aspheric lenses out of glass.  If the aspheric surface 

matches a mold in an existing library, then the cost would be minimized.     

The mechanical design could be greatly improved simply by considering compatible 

mounts, and selecting the appropriate lens to fit this mount.  For example, Thor Labs sells 

cage plate assemblies and fiber adapters.  Therefore, if either of these two items is needed 

in an optical assembly, it may ease the mechanical design to select lenses and their 

mounts from Thor Labs as well.  In addition, when requesting custom parts from a 

manufacturer, it would save time at the machine shop if the manufacturer used standard 

threads at the interface of their parts.  The last modification would be to reduce the size of 

the 3 aluminum plate interface by using smaller and/or thinner plates. 

Table D-4: Parts list for the OCM endoscope 

Part Description Price Qty Total Cost Manufacturer Part Number 

Sample Arm Endoscope      

Collimating Lens and Mount      

LENS ACH-NIR 6 X 12 NIR-II   $72 1 $72 Edmund Optics NT45-784 

C-Mount Achromat/Thick Lens Mount 

(6.25mm Diameter)  
$36 1 $36 Edmund Optics NT54-621 

SM05-Threaded (0.535"-40) FC/APC Fiber 

Connector Adapter Plate  
$32 1 $32 Thor Labs SM05FCA 
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SM05 Lens Tube, 0.3" Long $13.30 1 $13.30 Thor Labs SMO5L03 

Custom machining to C-mount $120 1 $120 URIC Machine Shop See drawing 

      

Scanning Galvanometers      

Galvanometer Scanners $475 2 $950 Cambridge Technology 6210HM40 

Servo driver $695 1 $695 Cambridge Technology 67321H-1 

Interconnect Cable $50 2 $100 Cambridge Technology 6010-29-080 

4 mm XY Mirror Set $295 1 $295 Cambridge Technology 6M2104S20F025S1 

4 mm XY Mount $160 1 $160 Cambridge Technology 6102104R20 

Custom 3 aluminum plate mount $960 1 $960 URIC Machine Shop Contact: Doug  

Power Supply $385 2 $770 Acopian A28H1100 

Heat sink $10.10 3 $30.30 McMaster 8822T13 

      

      

Scanning Lenses and Mounts      

Lens ACH-NIR 9 x 15mm NIR-II 

 
$75 2 $150 Edmund Optics NT45-824 

Custom brass mount $1000 1 $1000 URIC Machine Shop See drawing 

C-Mount Achromat/Thick Lens Mount (9 

mm Diameter).  Only used retaining ring.  
$36 1 $36 Edmund Optics NT54-622 

Brass spacers  5  URIC Machine Shop See drawing 

      

Relay, Objective, and Cover Glass      

Custom afocal relay and 0.4 NA objective $11475 2 $22950 Optics Technology 2008-48REV 

NRE Programming/Tooling $3750 1 $3750 Optics Technology 2008-48REV 

      

Focusing Tube      

Custom brass focusing tube $240 1 $240 URIC Machine Shop See drawing 

O-ring      

Brass round tube, 6 mm OD (qty: 10) $17.45 1 $17.45 McMaster 88605K25 

0.208” reamer $20 1 $20 Op Sci Machine Shop 
Contact: Charles 

Burkhart 
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Machining for brass round tube: reaming and 

cutting lengths.  Qty: 12 
$120 1 $120 URIC Machine Shop See drawing 

      

Reference Arm      

Collimating Lens and Mount      

LENS ACH-NIR 6 X 12 NIR-II   $72 1 $72 Edmund Optics NT45-784 

C-Mount Achromat/Thick Lens Mount 

(6.25mm Diameter)  
$36 1 $36 Edmund Optics NT54-621 

SM05-Threaded (0.535"-40) FC/APC Fiber 

Connector Adapter Plate  
$32 1 $32 Thor Labs SM05FCA 

SM05 Lens Tube, 0.3" Long $13.30 1 $13.30 Thor Labs SMO5L03 

Custom machining to C-mount $120 1 $120 URIC Machine Shop See drawing 

      

Scanning Lenses and Mounts      

Lens ACH-NIR 9 x 15mm NIR-II 

 
$75 2 $150 Edmund Optics NT45-824 

C-Mount Achromat/Thick Lens Mount (9 

mm Diameter) 
$36 2 $72 Edmund Optics NT54-622 

C-mount Extension Tube (15 mm) $24.20 1 $24.20 Edmund Optics 54630 

C-mount to SMA adapter  $18.40 1 $18.40 Thor Labs SMA1A10 

      

Custom Optics      

Custom cage plate mount $180 1 $180 URIC Machine Shop  

      

Miscellaneous      

12” Rail  $195.84 1 $195.84 Newport PRL-12 

PRL Carrier ¼-20 holes, 3.5”  $84.66 1 $84.66 Newport PRC-3 

 

 

 


