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ABSTRACT 

 

Optical coherence tomography (OCT) is a technology that enables 2D cross-sectional 

images of tissue microstructure.  This interferometric technique provides resolutions of 

approximately 10-20 m with a penetration depth of 1-2 mm in highly scattering tissues. 

With the use of fiber optics, OCT systems have been developed for intravascular imaging 

with a demonstrated improvement in both resolution and dynamic range compared to 

commercial intravascular ultrasound systems. OCT studies of normal, atherosclerotic, 

and stented arteries indicate the ability of OCT to visualize arterial structures. These 

results suggest OCT may be a valuable tool for studying luminal structures in tissue 

engineered constructs.  

In the present study, new endoscopic OCT systems and analysis techniques were 

developed to visualize the growth and response of the cellular lining within a tissue 

engineered blood vessel mimic (BVM). The BVM consists of two primary components. 

A biocompatible polymeric scaffold is used to form the tubular structure. Human 

microvessel cells from adipose tissue are sodded on to the inner surface of the scaffold. 

These constructs are then developed and imaged within a sterile bioreactor.   

Three specific aims were defined for the present study. First, an OCT longitudinal 

scanning endoscope was developed. With this endoscope, a study of 16 BVMs was 

performed comparing images from OCT and corresponding histological sections. The 

study demonstrated that endoscopic imaging did not visually damage the mimic cellular 

lining. OCT images showed excellent correlation with corresponding histological 
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sections. Second, a concentric three element endoscope was developed to provide radial 

cross-sections of the BVM. OCT images using this endoscope monitored lining 

development on three types of polymeric scaffolds. In the third specific aim, automated 

algorithms were developed to assess the percent cellular coverage of a stent using 

volumetric OCT images.  

The results of the present study suggest that OCT endoscopic systems may be a valuable 

tool for assessing and optimizing the development of tissue engineered constructs.  

Conversely, the BVMs modeled the arterial response to deployed stents allowing the 

development of automated OCT analysis software. These results suggest that blood 

vessel mimics may be used to advance OCT technology and techniques. 
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INTRODUCTION 

 

The present study represents a multi-disciplinary effort spanning optical, software, 

mechanical, and tissue engineering. The following introduces many of the areas related to 

the aims of this dissertation. First, a comprehensive introduction is given to time-domain 

OCT. This is the interferometric technique used to acquired 2D cross-sections of tissue 

engineered blood vessels in this study. Imaging of these luminal structures shares many 

similarities to intravascular OCT. Consequently, the application of intravascular OCT in 

the study of normal, atherosclerotic, and stented arteries is reviewed. Several studies 

examining tissue engineered constructs with optical coherence imaging techniques is 

reviewed prior to introducing the basic structure and development process of a blood 

vessel mimic. 

Optical Coherence Tomography 

Optical coherence tomography (OCT) uses low coherence interferometry and optical 

heterodyning to enable the acquisition of 2D cross-sectional images of tissue 

microstructure.  This imaging technique shares many similarities with pulse-echo 

ultrasound. Ultrasound operates by propagating a sonic pulse into tissue. This pulse 

reflects from changes in the acoustic index. The time delay between the outgoing and 

reflected pulses can then be used to locate where the reflection occurred. Similarly, OCT 

enables the acquisition of tomograms by monitoring the delay of light as it reflects from 

changes in the refractive index within the tissue. As light travels approximately 225 

million meters per second in tissue, the delay between outgoing and reflected waves 
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cannot be timed conventionally like ultrasound systems. For example, suppose light is 

propagated into tissue and is reflected by a scatterer ten microns beneath the surface. The 

time delay from when the light entered and exited the tissue is on the order of 90 fsec. 

Current state of the art detectors have a time resolution (as measured by the impulse 

response) on the order of 10 psec. Fortunately, a technique known as low coherence 

interferometry can measure these small time delays. This type of interferometry is 

explained in greater detail later.  Low coherence interferometry is the fundamental basis 

for optical coherence tomography. 

Optical coherence tomography provides greater resolution and dynamic range in 

comparison to conventional ultrasound systems.
1
 Typical OCT systems have axial and 

lateral resolutions that range between 5 to 20 m, whereas high resolution ultrasound has 

resolutions on the order of 50 to 100 m. Dynamic range is a measure that indicates the 

range of signals a system can record. Mathematically, this is a ratio of the largest to 

smallest signal that can be recorded by the system. For example, Brezinski reported a 109 

dB OCT dynamic range in comparison to 43 dB for an intravascular ultrasound system. 
2
 

This improvement in dynamic range often manifests itself as better image quality. The 

improvement in resolution and dynamic range comes at the expense of the penetration 

depth, that is, the depth of the image. OCT is typically limited to imaging depths of 1-2 

mm in highly scattering tissues. Low resolution ultrasound can image inches into tissue. 

By offering a unique combination of resolution (10 m typical) and penetration depth (1-

2 mm), OCT can provide important diagnostic value not available from other imaging 
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techniques such as confocal microscopy and ultrasound. Figure 1 shows how OCT relates 

to other depth-resolved imaging modalities. Confocal microscopy can provide significant 

cellular resolution and image approximately a few hundred microns deep. It has the 

additional benefit of being able to acquire both reflectance and fluorescence images. OCT 

provides deeper images at the expense of resolution and is predominantly sensitive to the 

scattering and absorption properties of the tissue. Changes in the acoustic index enable 

the construction of tomograms in ultrasound systems. Whole body imaging systems like 

magnetic resonance imaging and computed x-ray tomography provide resolutions on the 

order of 1 mm based on their sensitivity to nuclear spin and absorption properties of 

tissue. 

 

Figure 1. Common imaging modalities and the trade-off between resolution and 

imaging depth. 
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The Basic Time Domain OCT System 

 

Figure 2 shows the basic schematic of an OCT system. The light source determines the 

axial resolution and imaging depth. There are two common types of OCT light sources. 

The most common types of light sources are super luminescent diodes (SLDs). These 

fiber coupled diodes are easy to use and provide axial resolutions from 5 to 20 m.  

Femtosecond lasers are also used for light sources. Although they are currently more 

difficult to operate, these lasers can enable image acquisitions with resolutions 

approaching 1 m.
3
 

Light from the source is coupled into a fiber and sent to a 2x2 coupler. This component 

takes the light from the source and directs equal portions to the reference and sample 

 

Figure 2. A basic time domain optical coherence tomography 

system. 
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arms. The 2x2 coupler is the fiber analog of the bulk optic beamsplitter. This device 

forms the Michelson interferometer needed to locate where the near-infrared light reflects 

from within the tissue.  

The reference arm is used to set a specific optical path length – this is the distance the 

light travels multiplied by the index of the medium through which it propagates. As will 

be explained later, the OCT signal, also called the interferometric signal, only occurs 

where the path length in the reference and sample arms are almost identical. For example, 

if the reference arm is shortened, the interferometric signal recorded by the detector 

comes from a more shallow region in the tissue. In time domain OCT, a mirror translates 

to both shorten and lengthen the optical path length in the reference arm.  This enables 

the acquisition of the depth-specific interferometric signal.  

The sample arm of the interferometer contains the tissue and typically has optics that 

focus the beam to a small spot within the tissue. Many systems are designed to use a 

moderate numerical aperture (NA) that produces a relatively good lateral resolution 

throughout the 1-2 mm of imaging depth. These optics usually produce lateral resolutions 

between 10 and 20 m.  

The light reflected from the two arms is then recombined at the 2x2 coupler. Half of this 

combined light is sent to the detector and associated electronics. This signal contains 

information of the backscattered intensity as a function of depth, called an axial scan (a-

scan). As shown in the example a-scans in Figure 3, the raw interferometric signal 
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contains a carrier frequency modulated by an envelope function. This envelope function 

represents the amount of light scattered at different depths within the tissue. The 

amplitude of this envelope function increases where there is a large refractive index 

mismatch in the tissue. Electronics such as lock-in detection are used to extract the 

envelope function from the raw interferometric signal. The envelope function is then 

sampled with data acquisition computer hardware and stored within the computer. Each 

a-scan represents one column of the image. The tissue is moved relative to the beam of 

light to collect the next a-scan, that is the next column of the OCT image. These a-scans 

are acquired until all the columns of the image are collected. 

 

 

Figure 3. Illustration of OCT signal and lock-in detection. 
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The Theory Behind Time Domain OCT 

 

The most basic component of an OCT system is the interferometer. This is a device that 

utilizes the constructive and destructive interference between two beams of light. The 

signal from the interferometer is often called the interferogram. To develop an 

understanding of time domain OCT, the basic operation of an interferometer will be 

discussed. A light source with one wavelength will be used to introduce the fundamental 

concepts of the Michelson interferometer. Additional wavelengths will be added and their 

effect on the interferogram will be discussed. Finally, a continuous distribution of 

wavelengths will be used in the interferometer. This is the case seen with OCT. 

A Single Wavelength Interferometer 

 

The basic Michelson interferometer is shown in Figure 4. To develop the theory, a mirror 

is located in both the reference and sample arms of the interferometer. The light source 

has one wavelength. Modern high coherence lasers closely approximate a one wavelength 

light source. 
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Maxwell‟s equations suggest that light is a propagating wave of fluctuating electric and 

magnetic fields.  After a little manipulation, wave equations for the electric and magnetic 

fields can be formed from the Maxwell‟s equations. These wave equations suggest that 

the fluctuations in the electric and magnetic fields are sinusoidal and coupled. To model 

the light mathematically, the electric field can be expressed  as a cosine fluctuating with 

both time and space,  

 

where A is the electric field amplitude, k is the wave vector, r is the position vector, is 

the angular frequency, and is a phase term. To simplify the math later, the electric field 

can be expressed in terms of complex exponentials, 

  

 

Figure 4. The basic Michelson interferometer. 
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In the interferometer, the single wavelength light is split into two separate beams that 

travel to the reference and sample arms. Each beam can be expressed mathematically 

using complex exponentials as described above, 

 

 

These expressions can be simplified for our single wavelength interferometer. Since each 

arm of the interferometer has the same wavelength,  

 

 

 

The two beams interfere at the detector. As both beams are normally incident to the 

detector, they have the same direction such that 
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The interference is recorded at the detector. This recombination is a simple addition of 

the electric fields from each sample arm.  

 

The detector measures the intensity of the superposition of beams. The intensity is 

proportional to the electric field multiplied by its complex conjugate, 

 

where is the phase difference between the two arms. This phase term is non-zero 

when the optical path lengths between the two arms are different, that is 

 

The detector records a constant intensity that is equal to the sum of the intensities from 

the reference and sample arms. A modulation is added to this constant intensity based on 

the optical path difference between the two arms of the interferometer. Constructive 

interference occurs when the optical path difference between the two arms is an integer 

multiple of the wavelength, that is, 
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Assuming the mirrors in both arms have the same reflectivity, the interference becomes 

 

where I0 is the sum of the intensities of both arms arriving at the detector.  

For example, a light source emits light with a wavelength of 700 nm. The mirror in the 

reference arm is moved and the interferogram (I) is recorded as a function of the optical 

path difference between the two arms. The output from this interferometer is illustrated in 

Figure 5. Notice the constructive interference at integer multiples of the 700nm 

wavelength, e.g. 0, 700, 1400, 2100nm.  

A Two Wavelength Interferometer 

 

 

Figure 5. Interferogram for a 700 nm wavelength light source. 
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The light source now contains two wavelengths. The resulting interferogram recorded by 

the detector is the sum of interferograms from the individual wavelengths. Figure 6 

shows the individual interferograms for 700 and 800nm light. The total interferogram 

from a light source with these two wavelengths is then illustrated. This detected 

interferogram is simply the sum of the individual interferograms. The interferogram from 

the two wavelength source is characterized by (1) a high frequency carrier frequency and 

(2) an envelope. These two features are related to a Fourier transform of the light source 

spectrum, as will be shown. 
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The Michelson interferometer with a multiple-wavelength source 

 

A light source with a Gaussian distribution of wavelengths is sent into the Michelson 

interferometer. The detected interferogram can be estimated by (1) sampling the source 

spectrum, (2) calculating interferograms for each sampled wavelength, and (3) adding 

these interferograms. For example, suppose the light source has a central wavelength of 

1300 nm and a full-width-half-max (FWHM) of 80 nm. The spectrum is sampled at 

 

Figure 6. The interferogram for a light source containing 700 nm and 800 nm 

wavelengths is the sum of the individual interferograms of the 700 and 800nm 

light. 
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discrete wavelengths. The interferograms calculated for each wavelength are then 

summed to approximate the detected signal. As the number of samples increases, the 

closer the estimated algorithm approaches the real interferogram.  

The Michelson interferometer and a broadband source 

 

A single wavelength light source does not exist - all sources, even lasers, have a 

distribution of wavelengths. For OCT, light sources are used that have a broad 

distribution of wavelengths. In previous sections, the real interferogram was found to be 

the sum of all the individual wavelengths in the light source. To develop the math for 

broadband light sources, individual wavelength interferograms are also added. However, 

since this is a continuous distribution of wavelengths there are an infinite number of 

interferograms. Consequently, the math is now expressed in integral form to add the 

infinite number of individual wavelength interferograms. 

The phase difference between the two arms can be expressed in either terms of the optical 

path difference or time delay between the two arms. For this derivation, the phase 

difference will be expressed in terms of the time delay, 

 

Where ν is the temporal frequency and t is the time delay between the reference and 

sample arms. The interferogram for a single wavelength (frequency) can be written as  
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Because the light source has a continuous distribution of wavelengths, there are an 

infinite number of interferograms. Consequently, integrals are used to do the addition. 

 

 

where I0(ν) is called the power spectral density and I0 is the sum of the intensities from 

the reference and sample arms seen at the detector. Notice that the integral expression has 

a form similar to the Fourier transform. To convert this integral to the more familiar form 

of the Fourier transform, the power spectral density is assumed to be an even function, 

that is symmetric about ν=0 (for more information, read about analytic signals). A factor 

of ½ is included since the power at each wavelength is shared between the positive and 

negative frequencies. The integral becomes 
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The Fourier transform is typically complex, which can be represented as a real amplitude 

function multiplied by a complex phase term. After taking the real part of the phase term, 

the final interferogram can be written as 

 

where 

 

 

The naming convention was based on those supported by the College of Optical Sciences. 

Notice the real amplitude function was normalized by I0 such that it has values between 0 

and 1. The function, m12(t), represents the visibility of the fringes as a function of the 

time delay between the two arms of the interferometer.  
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Sources used in optical coherence tomography have the form 

 

The Fourier shift theorem can then be used to expand the expression for φ12(t), that is 

 

 

where 

 

The expression for the interferogram as a function of the time delay between the two 

arms becomes 

 

Notice that the interferogram has three characteristics: (1) a constant offset (I0), (2) a 

carrier frequency (cos), and (3) and envelope function (m12). The envelope function is the 

Fourier transform of the source spectrum. A rectangular source spectrum would produce 
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a sinc envelope function. A wide source spectrum results in a narrow envelope function. 

This envelope function corresponds to the axial resolution of OCT. 

The time delay is related to the optical path difference (OPD) by the speed of light. This 

expression can also be written as a function of the OPD, 

 

Suppose broadband light is interfered in the Michelson interferometer shown in Figure 4. 

The sample arm contains a mirror. In the relationship between reflectivity and distance 

along the a-scan, this mirror represents a delta function. The mirror in the reference arm 

is moved while the sample mirror remains fixed in place. Constructive and destructive 

interference is only seen when the optical path lengths in both arms are approximately 

equal. This region of interference corresponds to the coherence length of the light source.  

Figure 7 illustrates the interference signal for a light source that has a Gaussian 

distribution of wavelengths with a central wavelength of 1300 nm and a FWHM 

bandwidth of 130 nm. As shown previously, the m12 envelope is also Gaussian – i.e. the 

Fourier transform of the Gaussian source spectrum. In terms of linear system theory, if 

the mirror is a delta function input, the output is the point spread function. The m12 

envelope is often called the incoherent point spread function. The modulated sinusoid is 

called the coherent point spread function.  
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OCT axial resolution is defined to be the FWHM of the incoherent point spread function, 

as measured in terms of the displacement in the sample arm. As shown in Figure 8, a 

mirror displacement of z corresponds to an optical path length of 2z. To reiterate, the 

axial resolution of the OCT system is the Fourier transform of the source spectrum. The 

FWHM of this transform is expressed in terms of displacement in the sample arm. For a 

Gaussian distributed light source, the axial resolution of OCT is given by 

 

 

Figure 7. The interferogram for a light source with a central wavelength of 1300 

nm and a FWHM bandwidth of 130 nm. 
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where 0 is the central wavelength, and  is the FWHM bandwidth of the light source 

spectrum. 

Light Source Characteristics 

 

There are several characteristics of the OCT light source that are important. These 

include the wavelength region, the spectral shape, the power, the expense (cost), and the 

ease of use. The following discusses the importance of the wavelength region and the 

spectral shape. 

 

Figure 8. Displacing the mirror in the sample arm of an interferometer by a 

distance z corresponds to an optical path length of 2z. 
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The central wavelength is important as it affects both the axial resolution and depth of 

penetration. As was shown in the theory of OCT section, the axial resolution is 

 

Thus, increasing the central wavelength of the source degrades the axial resolution of the 

OCT system. Secondly, the central wavelength governs how deep the system can image. 

At short wavelengths, scattering reduces the penetration depth. At long wavelengths, 

water absorption begins to dominate and reduce the penetration depth. Figure 9 illustrates 

the trend between OCT depth of penetration and the central wavelength of the source. An 

800 nm light source may provide greater resolution but cannot penetrate as deep as a 

1300nm light source due to the increased scattering of the tissue at the lower wavelength.  
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The shape of the light source spectrum is also an important consideration. As described 

earlier, the axial resolution is inversely related to the FWHM bandwidth of the light 

source spectrum. Therefore, light sources with greater bandwidths will have a better OCT 

axial resolution. The second consideration is the image quality associated with a 

particular spectrum. Depending on the spectral shape, the incoherent point spread 

function may have a single peak or a main peak with side lobes. Figure 10 shows a 

triangular source spectrum that would produce a sinc
2
 type incoherent point spread 

function. The side lobes seen in this sinc
2
 point spread function may appear as weak 

reflections and may degrade the image. Consequently, the preferred light source spectrum 

is Gaussian because the corresponding PSF has one peak and no side lobes. 

 

Figure 9. For shorter wavelengths, scattering rapidly attenuates the OCT light 

reducing the penetration depth. For longer wavelengths, water absorption degrades 

the imaging depth of the OCT system. 
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Figure 10. A triangular source spectrum Fourier transforms into a sinc
2
 incoherent 

point spread function. 
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Sample Arm Characteristics 

 

To develop the theory of time domain OCT, a simple mirror was placed in the sample 

arm of the Michelson interferometer. In a real OCT sample arm, optics are used to focus 

light into tissue. The choice of optics is limited by a fundamental trade-off between the 

lateral resolution and depth of focus.  As illustrated in Figure 11, a smaller the spot size 

results in a shorter depth of focus. For most OCT systems, the sample arm optics are 

chosen to provide 10-20 m diameter spot sizes to give approximately a 2 mm depth of 

focus. 

 

Figure 11. For the OCT sample arm, the optics are chosen to balance the trade-off 

between depth of field (DOF) and the lateral resolution. High and low NA optics 

are shown on the left and right, respectively. 
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Beyond the focusing optics, the sample arm also contains some means to translate the 

infrared beam through the tissue. Most systems move a fold mirror using either a linear 

actuator or galvanometer. 

Reference Arm Characteristics 

 

In time domain OCT, the optical path length has to be changed in the reference arm in 

order to scan through the tissue. As illustrated in Figure 12, the most basic time domain 

setup has a translating retroreflector in the reference arm. This mirror is often translated 

with a galvo or voice coil. Suppose you move the mirror 2 mm in the reference arm. 

Since the reference arm beam is in air, this corresponds to an optical path length of 2 mm.  

Recall that because the light source is broadband, the interference is only seen when a 

reflector is at the same optical path length as the reference arm. Suppose the average 

tissue refractive index is 1.34. A 2 mm scanning distance in the reference arm 

corresponds to a 2/1.34 = 1.49 mm axial scan length. 
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Moving a mirror back and forth approximately 2 mm is inherently slow. Researchers 

have found novel ways to recreate this displacement. One technique is called a rapid 

scanning optical delay line. A grating and rotating mirror are used to mimic the required 

OPD displacement. This reference arm works by adding a linear phase delay as a 

function of wavelength. A linear phase delay in the frequency domain corresponds to a 

delay in the time domain. This technique greatly increases the scanning speed over time 

domain systems that use translating mirrors. 

 

Figure 12. The most basic time domain setup translates a reflector along the 

optical axis of the reference arm beam. This movement produces the depth-

resolved axial scan. 
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Detection 

 

In time-domain OCT, the interference is detected by a photodiode that has a good 

responsivity to the wavelengths of the OCT light source. Silicon PIN photo diodes are 

often used to detect sources with wavelengths less than 1050 nm. InGaAs photodiodes 

are used for wavelengths between 1050 and 1700 nm. After some amplification and 

filtering, the signal from the detector is demodulated using a lock-in amplifier. This 

device looks for a particular carrier frequency and outputs the envelope modulating that 

frequency.  

Figure 13 illustrates the processing that occurs to the interference signal after it is 

converted to a voltage by the detector. First, filters and amplifiers are used to remove the 

DC offset from the signal. This DC offset is the sum of the two intensities arriving at the 

detector from the reference and sample arms. Next, the signal is input into the lock-in 

amplifier. 
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The signal is a voltage that varies with time. The lock-in amplifier requires a carrier 

frequency. This frequency is based on how fast the mirror sweeps through constructive 

and destructive interference. To go from one constructive interference peak to the next 

constructive interference peak, the reference arm must be displaced by 0/2. The temporal 

period of the carrier signal is then  

 

 

Figure 13. Three plots illustrate the processing performed on the interference 

signal. 
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Where v is the velocity of the mirror. The carrier frequency is the inverse of the temporal 

period, that is, 

 

As the carrier frequency depends on the velocity of the translating mirror, the a-scan is 

usually acquired where the mirror speed is relatively constant. 

The lock-in detector outputs the envelope function. The signal from the lock-in amplifier 

is then acquired using computers and data acquisition software. 

Noise in Time Domain OCT 

 

Assuming that the OCT system is shot noise limited, the signal to noise ratio is defined as 

 

where 

r is the detector responsivity 

Ps is the power incident on the sample 

Rs is the power reflectivity of the sample 
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e is the electronic charge 

B is the electronic detection bandwidth 

The interference signal was shown to be a function of the time delay between the two 

arms of the interferometer. To convert the time delay to the recorded time, the signal is 

scaled horizontally by a factor of c/2v. In the Fourier domain, this factor become 

inverted, that is, 2v/c. If the spectrum has a bandwidth of 

 

the electronic bandwidth becomes 

 

This expression shows that faster scanning speeds (greater v) causes a greater electronic 

bandwidth. This greater bandwidth reduces the signal to noise ratio indicating that even if 

mirrors could be moved faster, significant losses would be incurred to the signal to noise 

ratio of the system. Fortunately, a different type of OCT system has been developed that 

monitors the interference spectrally. Fourier domain OCT permits orders of magnitude 

faster acquisition speeds without this degradation in the signal to noise ratio. 
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The Arterial Wall 

As illustrated in Figure 14, the wall of larger arteries consist of three layers: (1) the tunica 

intima, (2) the tunica media, and (3) the tunica externa or adventitia. Two elastic lamina 

separate the three layers. The internal elastic lamina separates the intima and media 

layers. The external elastic lamina separates the media and externa layers. The tunica 

intima, or simply intima, consists of a thin lining of endothelial cells resting upon a 

basement membrane. The endothelial cells provide the interface needed to transfer both 

waste and nutrients between the blood and neighboring tissues. The sheet of endothelial 

cells serves as an anti-thrombogenic lining, allowing the blood to remain in a fluid state.  

 

Figure 14. The basic cross-section of a large artery. 
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The tunica media, or media, consists primarily of smooth muscle cells and elastic fibers. 

The smooth muscle cells are aligned predominately along the circumference. These can 

reduce or increase the size of the lumen depending on the type of signal received. For 

example, endothelial cells in the intima may produce nitric oxide, NO, by nitric oxide 

synthase (NOS) enzymes. The nitric oxide then causes the smooth muscle cells in the 

media to relax resulting in vasodilation.  

The tunica externa, or adventitia, contains collagen fibers that provide the structural 

support for the vessel. In larger arteries, the adventitia may also include smaller vessels 

for the outer artery wall. These are often called the vaso vasorum, which is literally 

translated as the “vessels of vessels.” 

An Introduction to Atherosclerosis 

Atherosclerosis is a disease of the human arteries. Research has shown atherosclerosis to 

be a prolonged inflammation of the arterial wall that starts in early childhood and 

progresses through life. Plaques, or localized areas of atherosclerosis, may start small but 

can progress to large and complicated lesions. If the plaque becomes large enough, it can 

restrict the amount of blood flowing through the artery. Lesions in the coronary 

circulation often lead to coronary heart disease.  If a large lesion restricts blood flow 

within a coronary artery, a condition known as angina pectoris, or chest pains, may result. 

In fact, lesions can become so large that distal tissue may become ischemic and infarction 

can result. Beyond occluding arteries, atherosclerotic lesions may also rupture releasing 

thrombogenic agents into the blood stream. The development of a thrombus can lead to 
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serious complications such as a myocardial infarction (heart attack) or stroke. The 

following describes the basic process and characteristics of atherosclerosis. 

There are a number of causes of atherosclerosis that all occur due to a dysfunctional 

endothelium.
4
 The classic condition associated with atherosclerosis is 

hypercholesterolemia – a condition where the blood plasma has an excessive amount of 

low density lipoprotein (LDL) cholesterol. Research has shown that hypercholesterolemia 

is not the sole contributor to atherosclerosis. Smoking, diabetes, obesity, hypertension, 

and infection organisms may lead to the prolonged inflammatory response associated 

with atherosclerosis.
5
 For the following introduction, the atherosclerotic process will be 

described for a high concentration of LDL cholesterol. 

Effect of LDL on endothelium. As LDL cholesterol circulates in the blood stream, it 

gradually enters and accumulates in the intima.  This infiltration causes a natural 

inflammatory response within the arterial wall. The LDL cholesterol is then modified in 

the intima by either oxidative or enzymatic activity. This process releases phospholipids 

that cause the endothelial cells to become more (1) adhesive to platelets and leukocytes in 

the blood, (2) permeable to other blood constituents, and (3) prothrombogenic.
6
 

Endothelial cells in areas of low shear yet rapid cyclical stress are more likely be 

activated by these phospholipids.
7,8

  

Monocyte and T-cell infiltration. With increased adhesiveness, white blood cells attach to 

the endothelium. These are predominantly monocytes and T-cells. Cytokines produced 

from within the intima cause these attached cells to migrate from the blood into the 
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intima.
9
 Once inside this layer, these monocytes differentiate into macrophages and begin 

digesting the modified LDL within the intima. As it continues to accumulate LDL, the 

macrophage forms cytosolic droplets and transforms into a foam cell. Inside the intima, 

the T-cells may become activated due to antigens from the macrophages.  Once activated 

they may release a variety of cytokines that affect the inflammatory response. 
10

 

Smooth Muscle Cells. The inflammatory response from the macrophages, foam cells, and 

T-cells can release various chemicals that can promote the proliferation of smooth muscle 

cells in the media layer. These smooth muscle cells may migrate through the inner elastic 

lamina into the intima.
11

 These cells may then contribute to the formation of fibrotic, 

collagenous matrix within the intima. 

Intimal Thickening and Remodeling. The accumulation of leukocytes, smooth muscle 

cells, and extracellular matrix causes the intima to become thickened. In early forms of 

atherosclerosis, the artery can compensate and maintain the same lumen by dilating – a 

process known as remodeling. At some point, the artery can no longer compensate for the 

thickening intima resulting in a narrowed lumen. 

Intimal Tissue Damage and Plaque Rupture. The macrophages, foam cells, and T-cells 

can release a series of cytokines, proteases, and free radicals that can prolong the 

inflammation and damage the tissue within the intima. This often results in necrotic areas 

within the intima covered with a fibrous cap. Over time, the proteases and other 

chemicals can thin this fibrous cap making it unstable and prone to rupture. If the fibrous 
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cap breaks, the lipid and necrotic material may leak out into the blood stream resulting in 

the formation of a thrombus that may occlude the artery. 

Plaque Classification 

In 1995, the American Heart Association released a report classifying atherosclerotic 

plaques into six categories.
12,13

 Atherosclerotic plaques do not progress consecutively 

through these six types of lesions and there is not a clear distinction separating each 

lesion type.
14

 

Type I: Arteries that exhibit adaptive intimal thickening and have isolated clusters of 

macrophage foam cells. These features can only be seen microscopically. These initial 

lesions are present for all ages from infants to the elderly. 

Type II: Type II lesions may be visualized with the naked eye. These lesions are often 

called fatty streaks or intimal xanthomata.
15

 The macrophage foam cells form a stratified 

layer in the intima rather than the isolated clusters seen in Type I. 

Type III: Also known as preatheroma or intermediate lesion, these plaques include small 

dispersed extracellular lipid pools within the thickened intima.   

Type IV: As opposed to the small dispersed lipid pools in the preatheroma, Type IV 

lesions, or atheromas, have a large, continuous region of extracellular lipid within the 

thickened intima. This large pool of extracellular lipid is often called the lipid pool. 

Type V: These lesions have significant areas of new fibrotic material. These are classified 

further into three types. Type Va are fibroatheroma that have large lipid pools separated 
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by thick fibrotic tissue. Type Vb, or fibrocalcific lesions, have significant calcification 

that replaced dead cells and extracellular lipid. The intima is predominately fibrous tissue 

with little to no extracellular lipid pools in the Type Vc, fibrotic lesions. 

Type VI: The complicated, or Type VI, lesions represent the most dangerous of the lesion 

classifications. These lesions often show fissures in the luminal surface that may lead to 

plaque rupture, when the lipid and nectroic material of the core leaks into the blood 

stream. Plaque rupture may lead to thrombus formation near the lesion. The thrombus 

may occlude the vessel lumen either near or distal to the lesion resulting in ischemia 

and/or infarction. 

The Thin Capped Fibroatheroma. 

Research has shown that one morphology called the thin capped fibroatheroma (TCFA), 

or vulnerable plaque, are particularly susceptible to cause acute coronary events. Virmani 

et al. reported that in a study of over 200 sudden death cases, greater than 60% were 

associated with the rupture of a TCFA. These lesions have a fibrous cap less than 65 m 

covering a necrotic core. Hemorrhage and/or calcification may also be seen with these 

atherosclerotic lesions. 
16

 

Intravascular OCT – Arteries and Atherosclerosis 

In 1991, the first article on optical coherence tomography was published in Science.
17

 

The development of OCT was based on the advancements in a technique called low-

coherence reflectrometry. Initial applications for OCT were imaging of the low-scattering 

tissue of the eye. Shortly afterwards, OCT was used to visualize both normal and 
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atherosclerotic arterial structures. In 1996, Brezinski et al. performed OCT imaging of 

arterial specimens in vitro. The cadaver specimens were extracted and imaged while 

submerged in saline. OCT clearly visualized the adventitia, media, and intima. A lipid-

filled plaque was also visualized in the wall of the cadaver artery.
18

 In another study, 

OCT showed improved contrast between lipid- and water-based tissue in comparison to 

intravascular ultrasound. Lipid rich regions were represented as a hypointense area within 

the arterial wall. Microstructural details such as the fibrous cap and fissures in the vessel 

wall were visualized with OCT.
19

 Researchers have also demonstrated that excellent 

correlation between thicknesses measured with OCT and histological sections. However, 

OCT thickness measurements are typically 15 to 25% greater since histologic processing 

shrinks the tissue.
20

 

After the initial demonstration of OCT in in vitro arteries, researchers developed 

miniature OCT catheters. Using fiber optics, OCT can be readily implemented in 

catheters for studying luminal structures. Tearney et al. demonstrated an 1.1 mm OCT 

endoscope. A hollow cable housed a single mode fiber. Light was brought to focus using 

a miniature gradient index (GRIN) lens and deflected to the side using a miniature prism. 

To achieve radial scanning, the cable, catheter fiber, and miniature optics (GRIN, prism) 

were rotated using a distal DC motor. A rotary coupler was used to transfer light from a 

fixed fiber to the rotating catheter fiber. 
21,22

 OCT images of saphenous vein
23

 and a 

human coronary artery
24

 were acquired in vitro to demonstrate the catheter‟s 

performance.  
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With the successful acquisition of in vitro arterial OCT images and the development of 

miniature catheters, OCT began to look like a compelling competitor to intravascular 

ultrasound. Researchers performed studies to quantitatively compare the performance of 

intravascular OCT with intravascular ultrasound (IVUS). Brezinski et al. demonstrated an 

order of magnitude improvement in resolution compared to a 30 MHz ultrasound probe. 

The dynamic range of OCT (109dB) greatly exceeded the corresponding range for 

intravascular ultrasound (43 dB).
25

 A ring-down artifact seen in IVUS images often 

degrades the cross-sectional image. Patwari et al. demonstrated this confounder in IVUS 

and noted no similar artifact with OCT.
26

  

Using a second generation of the previously described radial scanning OCT endoscope, 

Fujimoto et al. were the first to image arterial microstructure in vivo.
27

 In this study, OCT 

was used to image rabbit aorta with a frame rate of 4 frames per second. In order to see 

the vessel wall, an infusion of saline was required to displace highly scattering blood. The 

media and adventitia layers of the rabbit aorta were clearly delineated. The intima was 

thin – below the resolution of the OCT instrument. These visualized structures were 

confirmed with H&E histological sections of the aorta. The study also indicated that 

faster frame rates were required to eliminate motion artifacts seen during many of the 

OCT images.  

In late 2001, the first paper of intravascular OCT in human patients was published by 

Jang et al. This paper is divided into two studies. The first section provided a comparison 

between OCT images and histological sections of cadaver arteries. Using 42 human 
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cadaver arteries, Jang et al. correlated OCT image features with histopathologic findings. 

Calcified regions were identified as heterogeneous and hypointense with well-delineated 

borders. Fibrous plaques had a hyperintense and homogeneous OCT visualization. Lipid 

pools were identified by heterogeneous, hypointense regions with diffuse, poorly 

delineated boundaries. This OCT-histology study also demonstrated excellent 

visualization of the fibrous cap as the underlying lipid pool was hypointense in 

comparison to the fibrous tissue of the lesion cap.
28

 These characteristics were verified in 

a more exhaustive study with 357 arterial samples by Yabushita et al.
29

 A later study 

identified sources error when interpreting plaque morphology of OCT, particularly the 

similar visualizations of calcified and lipid-rich regions within the arterial wall.
30

 

In the second part of the paper by Jang et al., ten patients undergoing percutaneous 

coronary intervention were imaged with both OCT and a 30-MHz IVUS system. The 

average resolutions were measured to be 13 and 93 m for the two imaging modalities. 

Saline flushing was used to displace the highly scattering blood for approximately 2 sec 

for OCT image acquisition. Seventeen locations were imaged from the ten patients. In 

normal arteries, OCT images provide excellent delineation between the three primary 

layers of the artery – the intima, media, and adventitia. Jang et al. reported poor 

delineation between these layers for atherosclerotic lesions. Due to the improved 

resolution and dynamic range, OCT was able to provide more information about the 

plaque microstructure in comparison to the 30 MHz IVUS images. However, IVUS often 

provided greater contrast between calcified regions and adjacent tissue although the 

saturation artifacts from these regions severely degraded the IVUS images.
31
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As discussed previously, monocyte-derived macrophages are important in the 

development
32

 and stability
33

 of an atherosclerotic plaque. Studies have shown that 

ruptured thin cap fibroatheromas have a significant concentration of macrophages in the 

thin cap.
34

 In 2002, Tearney et al. demonstrated that the OCT signal could be used to 

determine the macrophage content of the arterial wall.  The macrophages form cytosolic 

droplets of lipid as they ingest the modified lipid in the intima. This results in relatively 

large changes in the refractive index that should result in a more heterogenous OCT 

signal in regions with significant macrophage density. Using 26 lipid rich lesions from 17 

cadavers, Tearney calculated a normalized standard deviation of a region of interest 

located in the fibrous cap of each plaque. A comparison to histology showed a 

significantly positive correlation between the normalized standard deviation measure and 

the number of macrophages, as determined using a CD68 stain. A negative correlation 

was observed between the normalized standard deviation and positive smooth muscle 

actin staining.
35

 Macrophage content of atherosclerotic lesions was assessed in vivo by 

MacNeill the following year.
36

  

With the ability to monitor the density of macrophages, researchers evaluated whether 

OCT could monitor the collagen content of atherosclerotic plaques. To do this, a 

specialized form of OCT was used called polarization-sensitive OCT (PSOCT). In this 

technique, both polarizations of light are monitored simultaneously. Due to the 

organization of fibrotic tissue, orthogonal polarizations may see different refractive 

indices in the tissue. This phenomenon is called birefringence and can be detected with 

PSOCT systems. The first PSOCT study for determining collagen composition in 
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atherosclerotic plaques was performed by Giattina et al. Images of arterial cadaver 

specimens were acquired for two orthogonal polarizations. The amount of polarization 

sensitive change in the OCT images was compared to histological sections stained with 

picrosirius red. Giattina et al. demonstrated a 0.475 (p<0.002) positive correlation 

between PS-OCT and collagen content.
37

  

Nadkarni et al. performed a more quantitative study of PSOCT and how it is correlated to 

both collagen and smooth muscle cell content of the tissue. Images showing phase 

retardation between the two orthogonal polarizations were developed. The average slope 

of phase retardation, that is °/m, was calculated for each lesion. The phase retardation 

slope was then compared to histological sections stained for collagen (picrosirius red) and 

smooth muscle (-SMA). A strong positive correlation was found between thick collagen 

fiber content and the phase retardation slope (r = 0.76 p<0.001). In the absence of thick 

collagen fibers, the phase retardation slope was also strongly correlated with smooth 

muscle. Nadkarni suggested the alignment of myosin and actin filaments may lead to the 

birefringence of tissues with a high density of smooth muscle cells. An additional study 

with similar results was performed by Kuo et al.
38

  

In addition to determining macrophage, smooth muscle, and collagen content, OCT can 

be used to accurately measure structures of the arterial wall. Using Van der Meer et al. 

compared OCT thickness measurements of arterial structures with corresponding 

histological sections.  
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Stents 

In 1973, Gruentzig et al. developed the first balloon catheter in his kitchen. These devices 

expand a balloon to reopen the lumen of the occluded artery. Gruentzig performed the 

first balloon angioplasties on animals. The first human coronary angioplasty was 

performed in May 1977 by Gruentzig and Myler in San Francisco.
39

 In the mid 80‟s, the 

first balloon expandable stents were introduced to reduce several complications 

associated with balloon angioplasty such as elastic recoil and restenosis. Elastic recoil is 

an nearly instant renarrowing of the artery due to the elastic nature of the vessel. It 

usually occurs within the first hour after dilating the vessel. In contrast, restenosis is a 

renarrowing of the arterial lumen over an extended period of time. Neointimal 

hyperplasia due to the body‟s natural response to an insult to the arterial wall leads to 

restenosis. The concept of a structural scaffold was introduced by Dotter as early as 1964.  

Palmaz et al. are often credited as the inventors of the bare metal, balloon expandable 

stent. In 1985, they placed the first stents in six dogs at the University of Texas Health 

Science Center at San Antonio.
40

  

A stent is a structural scaffold that is crimped onto a balloon catheter. The Palmaz-Schatz 

and other early types of stents had a metallic wire mesh structure.
41

 The stent introducing 

catheter is inserted into the occluded artery. When the balloon is inflated, it expands the 

stent and compresses the plaque of the arterial wall. This process enlarges the blood 

vessel lumen allowing greater blood flow to downstream tissue. The balloon is deflated 

and removed while the stent remains in place providing the structural support to prevent 

elastic recoil and reduce restenosis. 
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The first extensive randomized trials were performed to compare balloon angioplasty 

with and without bare metal stents in the early 1990s. In the STRESS (STent REStenosis 

Study) trial, patients receiving a bare metal stent showed greater increase in the luminal 

diameter immediately after the procedure. After six months, those patients treated with 

the Palmaz-Schatz stent had significantly less occurrences of restenosis than the patients 

undergoing balloon angioplasty. Based on angiography, the rate of restenosis for stented 

arteries was significantly less than balloon angioplasty alone (32% versus 42%).
42

 Similar 

reductions in the rate of restenosis were seen in the BENESTENT study.
43

  

Despite reducing restenosis and recoil associated with balloon angioplasty, these clinical 

trials indicated that approximately 10 to 20% of patients receiving bare metal stents 

require secondary procedures due to restenosis.
44,45

   This rate increases up to 70% for 

high risk patients such as diabetics.
46

 The need for secondary procedures is due to the 

neointimal hyperplasia associated with the deployed stent, often called in-stent restenosis. 

To address this problem, stent manufacturers developed a new class of stents that elute 

anti-proliferative and/or anti-inflammatory drugs.  The first pilot study evaluating drug 

eluting stents in humans was published in 2001.
47

 Several randomized studies were later 

performed demonstrating a significant reduction in neointimal hyperplasia, restenosis, 

and the need for secondary procedures.
48

 

While drug-eluting stents provided a significant reduction in the risk of restenosis, the 

anti-proliferative and/or anti-inflammatory action lead to another problem called late-

stent thrombosis (LST)
49,50

. The local concentration of these drugs prevent a thin 
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reendothelialization of the stent surface. Because the metal surface of the stent remains 

exposed to blood, the stent may serve as a nidus for thrombus formation. Studies have 

shown that the degree of stent reendothelialization is correlated with the risk of late stent 

thrombosis. 
51,52

  

Future stent designs are being developed to prevent restenosis while promoting a thin 

anti-thrombogenic cellular lining covering the stent. Many of these designs feature 

different variants on the type of drug eluted by the stent.
53,54

  Bare and drug-eluting 

bioabsorbable / biodegradable stents are also being developed to provide the support 

required to prevent elastic recoil. The material is then absorbed / degraded preventing the 

hyperplastic response associated with the foreign object.
54,55

 Other companies are 

researching stents with porous structures, drug reservoirs, and endothelial protective 

agents.
54

 Other researchers are evaluating the effect of the mechanical properties of the 

stent
56,57

, for example, Duraiswamy et al. have performed research evaluating platelet 

deposition associated with the fluid dynamics associated with stent struts.
58

 

Intravascular OCT – Stents 

Intravascular OCT has been used to image the deployment and response of stents within 

occluded arteries. In 2003, Bouma et al. published the first paper evaluating intracoronary 

stenting by OCT.
59

 Forty patients were imaged with both OCT and an IVUS system 

before and after the deployment of an intracoronary stent. Each image was then evaluated 

for four deployment characteristics: 

Dissection – a flap of tissue cut from the arterial wall due to the deployment of the stent 
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Tissue prolapse – tissue protrusion between adjacent stent struts 

Incomplete apposition – struts that were not fully apposed, i.e. in contact with, the arterial 

wall 

Irregular strut distribution – areas where struts did not have a uniform strut separation. 

Because of the improvement in both resolution and dynamic range, OCT was able to 

measure more instances of dissection, tissue prolapse, and incomplete apposition than the 

IVUS system. The average prolapse was measured to be 242 m by OCT. Both imaging 

techniques identified irregular strut distribution equally well. The prolapse was associated 

with irregular struts by the Fischer‟s exact test. A patient with in-stent restenosis was also 

imaged in this study with a maximum neointimal thickness of 430 m.
60

 Other studies 

have also been performed evaluating stent deployment characteristics.
61-63

 

Although OCT can be an excellent tool for monitoring the deployment of stents, the high 

resolution and dynamic range of OCT can be used to visualize the arterial response to the 

foreign stent.  The formation of a neointima has been visualized in both animals and 

humans. One study compared OCT images and histological sections of stented rabbit 

carotid arteries.  Both histology and OCT indicated a greater number of covered struts the 

longer the stent was implanted within the artery. This study claims neointimal linings as 

thin as 20 m could be detected with their OCT system.
64

  

Several studies have used OCT to characterize the neointima in humans developed from 

the deployment of sirolimus-eluting stents (SES). Takano et al. performed a study with 
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28 patients undergoing percutaneous coronary intervention. The degree of 

endothelialization was measured by monitoring exposed struts as well as comparing stent 

versus lumen areas.
65

 Matsumoto et al. performed a study of neointimal formation using 

IVUS and OCT at six months after deployment of SES in 34 patients. They noted an 

inability of IVUS to quantify the extent of neointimal hyperplasia. Approximately 64% of 

the imaged struts were covered with an intima less than 100 m – beyond the resolution 

of IVUS. In this study, reduced endothelialization was seen in regions with overlapping 

struts.
66

 Chen et al. performed a study comparing neointimal coverage of bare metal 

versus SES using OCT. The imaging occurred between 5 and 93 months after the 

deployment of the stent. OCT images were examined every 1 mm through the length of 

the stent. OCT visualized significantly smaller neointimal thickness for SES in 

comparison to bare metal stents.  Patients with bare metal stents also had a greater 

percent strut coverage in comparison to the patients with SES. In this study, OCT images 

support the hypothesis that drug-eluting stents have a delayed healing in comparison to 

bare metal stents.
67

 

Optical Coherence Imaging and Tissue Engineering 

The application of OCT for imaging tissue engineered constructs is a relatively new field 

of research.  In 2004, Mason et al. performed a preliminary study demonstrating OCT for 

imaging a cell-hydrogel construct made from human adult mesenchymal stem cells from 

bone marrow. Images were acquired from outside of the bioreactor for one time point in 

the construct development. OCT demonstrated excellent contrast between the bioreactor, 

media, and cell-hydrogel construct.
68

 Doppler OCT was later used by this same group to 
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monitor flow characteristics within a tissue engineering bioreactor. Studies have shown 

that the flow-induced shear stress has a significant effect on the development of 

constructs.
69

 The flow of 0.5% intralipid solution through a tubular cell-hydrogel 

construct was imaged with OCT from outside of the bioreactor. This study demonstrated 

that OCT can also be used to image bioreactor flow characteristics if a scattering fluid is 

present within the bioreactor.
70

  

Yang et al. used optical coherence tomography and optical coherence microscopy (OCM) 

to image tissue-engineered constructs consisting of poly(l-lactic acid) PLLA and MG63 

bone cells. Like OCT, optical coherence microscopy consists of a low coherence 

Michelson interferometer. High numerical aperture optics are placed in the sample arm of 

this interferometer to provide high lateral resolutions. The reference arm path length is 

modulated with a piezo element to enable the acquisition of high resolution en face 

images using the same mechanism of contrast as OCT – that is, the backscattering nature 

of the tissue.  The depth sensitivity of the OCM instrument comes from (1) the confocal 

gate from the fiber core and high NA optics and (2) the coherence gate from the low 

coherence interferometer.   The constructs were removed from the bioreactor, rinsed with 

saline, and imaged with both modalities. Additionally, two types of contrast agents were 

included in the bioreactor system: magnetic beads were adhered to the cells and 

tricalcium phosphate was added to the scaffold. This study indicated that these agents 

improved contrast in OCM images, but had little effect for OCT. OCM was also better 

for visualizing cellular morphology within the polymeric scaffold.
71

 These visualization 

differences may be explained by the greater lateral resolution of OCM systems. Software 



 

 

 

67 

 

was also written to monitor scaffold porosity using OCT images.
72

 Other studies have 

monitored the growth of chitosan scaffolds in perfusion bioreactors.
73

 

A combined optical coherence and multi-photon microscope was developed to image 

three dimensional constructs. The pulsed laser used for the optical coherence microscope 

also provided two-photon fluorescence of the tissue. A study was developed to visualize 

engineered tissue cultures in Petri dishes, PDMS substrates and Matrigel with this dual 

modality system. Changes in cell morphology were noted when mechanical strain was 

introduced in the PDMS and Matrigel substrates. The combination of multiphoton and 

optical coherence microscopy provided complementary information about the function 

and structure of cells in an engineered construct.
74

 

Literature describing the specific imaging of tissue engineered blood vessels is limited. 

We have previously imaged vascular implants with OCT. In this study, tissue engineered 

blood vessels were removed after 3 weeks of development in the bioreactor and then 

imaged while submerged in either saline or anti-coagulated blood.
75

 Optical 

transillumination tomography (OTT) has also been used to image tissue engineered blood 

vessels. This imaging technique is similar to computed tomography except the 

transmission of a near infrared laser is measured rather than x-rays. The resolution is 

approximately 100 m.  Tissue engineered blood vessels from Cytograft Tissue 

Engineering were imaged using OTT and compared to OCT. Although OCT has a greater 

resolution and shows more details of the blood vessel, the OTT system was developed for 

about 80% less than the cost of an OCT system.
76-78
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Introduction to the Blood Vessel Mimic 

Tissue engineered blood vessels typically consist of two primary components – a scaffold 

and cellular lining. The tubular scaffold provides the basic structure for the blood vessel 

and can be classified as either biologic or synthetic. Biological scaffolds have been 

constructed from decellularized porcine blood vessels
79,80

, small intestines
80,81

, and 

collagen- or fibrin-based structures
64,82

. Synthetic scaffolds can be classified based on 

their biodegradability. Non-biodegradable constructs, the focus of this dissertation, 

consist of porous and biocompatible polymers such as expanded polytetrafluoroethylene 

(ePTFE)
 64,83

 and polyurethane.  The cellular lining is often constructed from cells 

harvested from large blood vessels
64,84

 or microvascular sources such as adipose tissue.
 

64,85
 As collecting a sufficient number of cells is difficult, the harvested cells are often 

cultured to provide greater sodding densities. The cells are then sodded into the inner 

lumen of the scaffold and developed within a bioreactor. This is a device that supplies 

growth media and maintains an environment conducive to the development of the cellular 

lining. 

The tissue engineered blood vessels evaluated in this research were developed using 

polymeric scaffolds (ePTFE, polyurethane, or Dacron) and cells extracted from human 

liposuction fat. The cell culture and scaffold procedures have been described 

previously.
86

 Briefly, human stromal mesenchymal cells, predominantly microvessel 

endothelial cells, were extracted from liposuction fat and transplanted onto the inner 

lining of the tubular scaffolds at a sodding density around 5 x 10
5
 cells/cm

2
. The 
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polymeric scaffold was sterilized, denucleated with a series of graded ethanols, and 

conditioned with fetal bovine serum.  

The conditioned scaffold is placed in a special bioreactor system. Figure 15 illustrates the 

basic layout for the bioreactor system used in these studies. The blood vessel mimic is 

housed within a special chamber and is secured in place with two plastic connectors. A 

peristaltic pump (Watson-Marlow) provides pulsatile flow of nutrient rich media (M199) 

to the developing cellular lining. This media also included 10% FBS, 2mM L-glutamine, 

5 mM HEPES buffer, 0.1% Fungizone, and 5% penicillin and streptomycin. A media 

reservoir is used to facilitate the exchange of growth media. 
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As the porous scaffold permits fluid to travel through the miniature pores, the cells were 

pressure sodded on the inner surface of the polymeric scaffold.
87

  The transmural pressure 

was maintained for an hour prior to switching to the luminal flow path (transmural flow 

path not shown in Figure 15). After initial sodding, the bioreactor was placed within a 

special incubator that maintained appropriate temperature and CO2 levels.  The growth 

media was replaced every third day during the development of the blood vessel mimic.
88

  

 

Figure 15. The bioreactor system used to develop the tissue engineered blood 

vessel mimics. 
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PRESENT STUDY 

 

As discussed in the introduction, researchers have successfully implemented optical 

coherence tomography (OCT) to image intravascular structures and the arterial response 

to vascular stents. Other researchers have demonstrated OCT as a tool for evaluating 

tissue engineered constructs. Based on this previous work, the goal of this dissertation 

was to explore applications between OCT and tissue engineered blood vessels. The 

research was divided into three specific aims. Each aim is discussed in more detail below. 

The First Specific Aim 

The first specific aim was to demonstrate the capabilities of OCT to visualize the 

developing cellular lining of the blood vessel mimic using a longitudinally scanning 

endoscope.  To accomplish this aim, several tasks were performed including the 

construction of the endoscope, developing the necessary acquisition and analysis 

software, creating an imaging protocol, and performing a pilot study with a set of BVMs.  

The longitudinally scanning endoscope was developed based on previous designs used at 

the Tissue Optics Laboratory.  The endoscope design had two modifications from 

previous designs: (1) a different GRIN lens was used to move the focus further from the 

endoscope window, (2) the endoscope and associated motors were mounted vertically to 

enable image acquisition within the BVM chamber.   
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Custom software was developed to both acquire and analyze OCT images of blood vessel 

mimics. First, a multithreaded C# program was developed to acquire OCT data from a 

time domain optical coherence tomography system.  Although not used in any BVM 

studies, this software could also simultaneously acquire laser-induced fluorescence 

spectra in addition to the OCT images. Secondly, a MATLAB graphical user interface 

was developed to assist in thickness measurements of the mimic cellular lining. Mouse 

clicks were used to identify the luminal and abluminal surface of the cellular lining. The 

MATLAB software calculated statistics of the cellular lining thickness in each image 

(average, median, and standard deviation of thickness measurements). An additional C# 

program was written to assist in the visualization and categorization of the OCT images 

from the study. The program loaded all images located within a directory and created a 

table of thumbnails in a Microsoft Word 2003 document. 

An imaging protocol was developed based on a preliminary study comparing four 

mimics. Two of these were imaged with the endoscope while the remaining two were not 

imaged. Histological sections between the two set of BVMs indicated no visual damage 

or disruption to the cellular lining by the endoscope or imaging protocol. 

The last task was to perform a pilot study to (1) compare OCT images with visualization 

techniques that require tissue processing (histology, epi-fluorescence, and scanning 

electron microscopy) and (2) assess OCT‟s ability to visualize the accumulation of 

cellular material near stent-struts deployed within a mimic. Twelve mimics were 

developed in the bioreactor for 14 days.  The OCT images were compared to 
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corresponding histological sections showing excellent qualitative agreement. A high 

correlation was also observed in measurements of lining thickness performed on images 

from both OCT and histological sections.  The accumulation of cellular material near 

stent struts 14 days after stent deployment was clearly visualized with the endoscopic 

OCT system.  

The work from the first specific aim led to a publication in the Journal of Biomedical 

Optics (March/April 2007). This publication as well as more information on the tasks 

associated with the first specific aim are included in Appendix A of this dissertation. 

The Second Specific Aim  

The second specific aim was to develop a rotational scanning OCT endoscope that could 

visualize differences in mimic development using three polymeric scaffolds. This specific 

aim consisted of four tasks to (1) develop the rotationally scanning endoscope, (2) create 

the software package to acquire and display the rotational data, (3) develop an imaging 

protocol for the rotational endoscope, and (4) perform a study evaluating the different 

visualizations of blood vessel mimic scaffolds. 

A novel radial scanning endoscope was developed using three concentric elements – a 

stationary central core, a rotating intermediate tube, and a sterile glass cover. This design 

provided full 360° cross-sections while keeping the fiber and focusing elements fixed. 

The radial scanning was enabled by the rotating intermediate tube that included a rod 

prism to deflect the light out the side of the endoscope. Rotational and linear motors were 
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located at the proximal end of the endoscope that enabled rotational, longitudinal, or 

spiral scans of the mimic wall. 

C# software was written to both acquire and display the OCT images from the radial 

scanning endoscope. This software included that ability to acquire laser-induced 

fluorescence spectra simultaneously with the acquisition of the OCT image. OCT data 

acquisition builds images column by column in a 2D rectilinear fashion. For a radial 

scanning design, this 2D rectilinear array of data has to be converted to polar format. 

Software was written that performed this conversion and displayed the resulting bitmap 

in a window for the user to see. Several algorithms were developed to improve the 

processing time for this conversion. 

A study was performed using ten mimics developed with one of three polymeric 

scaffolds – expanded polytetrafluoroethylene (ePTFE), Dacron, or polyurethane.  This 

study was used to develop an imaging protocol to image the BVM with the rotational 

endoscope. The rotational endoscope indicated that OCT scaffold visualization and 

mimic development depended on the type of material used for the mimic scaffold. This 

study suggested that OCT may be an excellent tool for process control in developing 

tissue engineered constructs. 

The work from the second specific aim resulted in a manuscript submitted to Optics 

Letters. This manuscript, as well as documentation of the related work, is included in 

Appendix B of this dissertation. 
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The Third Specific Aim 

The third specific aim was to develop image processing techniques to assess the response 

of tissue engineered blood vessel mimics to a deployed stent. These algorithms are 

needed clinically to monitor the development of an anti-thrombogenic lining over 

deployed struts. The absence of this lining significantly increases the risk for developing 

a late stent thrombosis, which may cause significant complications such as myocardial 

infarction. 

A study was performed to monitor the mimic response to bare metal and protein modified 

stents developed with two different bioreactor flow rates. OCT images were acquired at 

specific timepoints before and after the deployment of the stent. Volumetric scans were 

acquired 21-days after the deployment of the stent.  

Image processing software was written in MATLAB to analyze the cellular accumulation 

on stent struts from the volumetric image sets. Three metrics were developed to identify 

strut locations. The metrics were sensitive to the bright reflection, dark shadow, and the 

rapid rise and fall of intensity in the axial direction associated with strut reflections. 

These strut locations were then evaluated for cellular coverage by comparing the location 

of the topmost strut surface and the luminal profile of the mimic. The software provided a 

percent cellular coverage of each strut as well as 3D maps of the strut locations and 

coverage status. The software was optimized using the average manual analysis of three 

observers. The software percent cellular coverages were compared to calculations by 

three observers. 
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The study and algorithm development resulted in a manuscript that was submitted to 

Physics in Medicine and Biology. This manuscript and related documentation is included 

in Appendix C of this dissertation. 

Conclusions 

In this dissertation research, the studies indicated that optical coherence tomography can 

provide accurate visualization of the developing cellular lining within tissue engineered 

blood vessels.  Images from corresponding OCT and H&E histological sections had 

similar features. Measurements of lining thickness from both histology and OCT-based 

images had good correlation (Appendix A).  The rotational endoscope provided full 360° 

scans of luminal structures within the blood vessel mimic. OCT was able to visualize 

differences in scaffolds and their how they affected the development of the cellular lining 

(Appendix B).  

These results suggest OCT may be a tool to monitor the development of tissue engineered 

constructs. Currently, tissue engineers have a limited ability to examine the cellular lining 

within a bioreactor during tissue maturation. This research resulted in a pair of custom-

designed endoscopes to image within the sterile environment of the bioreactor. To our 

knowledge, these are the first OCT endoscopes developed specifically for imaging tissue 

engineered blood vessel development within a bioreactor. The diagnostic information 

enabled by these endoscopes allow tissue engineers to monitor the lining development 

and make necessary changes to the bioreactor to optimize mimic growth.  With these 

OCT endoscopes, development problems such as contamination and inadequate sodding 
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density can be identified and addressed quickly. This diagnostic capability can provide 

information on vessel development that may lead to a more efficient and less expensive 

development process. 

The final specific aim (Appendix C) demonstrated how tissue engineered blood vessels 

can be a tool for developing image processing algorithms for OCT. Using 10 blood vessel 

mimics, automated software was written that identified struts with a sensitivity of 93% 

and specificity of 99%. The software identified strut coverage with a sensitivity of 81% 

and specificity of 96%. These algorithms were then used to make reconstructions of the 

3D dataset showing the location and amount of cellular material covering each stent-strut.  

The development of these algorithms was enhanced by the use of tissue engineered blood 

vessels. The cellular lining of the tissue engineered blood vessel mimics the intimal 

response of a native artery. Unlike animal and clinical studies, an experiment involving 

BVMs can be performed quickly and with relatively little expense. Additionally, the 

tissue engineered blood vessel also enabled high resolution volumetric scans without the 

need for a state-of-the-art Fourier domain OCT system. The research in this dissertation 

demonstrates that tissue engineered blood vessels can be used to improve intravascular 

devices such as intravascular OCT.  

Future Directions 

This dissertation research demonstrated the synergy between the fields of optical 

coherence tomography and tissue engineering. The results from this dissertation suggest 
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several future directions. The following paragraphs describe several ideas for future 

applications. 

Scaffold Intensity. The studies in this research showed that OCT provided excellent 

visualization of the BVM cellular lining, giving accurate thickness measurements. The 

cell lining would often exhibit a range of visualizations due to a difference in its 

backscattering properties. Typically, the lining would be relatively hypointense during 

early development and would progress to a more hyperintense visualization for later time 

points. An example of this change in intensity for a BVM is shown in Figure B-2. The 

day 4 image shows a relatively hypointense lining. By day 20, the thickened layer had a 

much more hyperintense visualization. Our hypothesis suggests this increase in lining 

intensity is related to the size and distribution of scatterers. As discussed in Appendix B, 

these scatters may include intracellular organelles such as mitochondria and nuclei.  

A future study could evaluate the mechanisms causing these changes in lining intensity.  

A series of BVMs would be developed using a variety of sodding densities and bioreactor 

flow rates. These different growth conditions would permit a wider range of cellular 

lining development. The BVMs would be imaged in the bioreactor with an OCT 

endoscope and immediately removed, fixed, and prepared for histology. Stains such as 

H&E and Bensley‟s copper-hematoxylin could be used to determine the size and density 

of nuclei and mitochondria within the tissue. Quantitative correlations between the 

measures of the intracellular organelles and the OCT scattering intensity (or attenuation 
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coefficient) could be performed to determine the mechanism increasing the light 

backscattering with time.  

Such a study would improve our understanding of OCT images of blood vessel mimics. 

The analysis may benefit the greater OCT community – providing empirical results from 

a simple tissue to elucidate the tissue components associated with the OCT signal. If no 

significant correlation exists between the size and density of organelles with OCT 

scattering intensity, the comprehensive set of histological sections may indicate other 

mechanisms of contrast such as the type of cells present in the lining (e.g. endothelial, 

smooth muscle, mesenchymal). Additional stains could be used to characterize the effect 

of a cell type on the lining backscattering properties. For example, a mimic at day 20 may 

have a smaller density of mesenchymal cells than a mimic after one day of development. 

Laser-induced fluorescence. The OCT endoscopes provided excellent structural 

characterization of the mimic cell lining. Laser-induced fluorescence (LIF) is another 

imaging modality that may provide biochemical information of the mimic lining. As 

demonstrated in our laboratory, these two imaging modalities can be combined into a 

dual modality endoscope.
89

 Endogenous fluorescence could be used to monitor the 

metabolic activity of the cellular lining. Exogenous fluorophores could be used to 

visualize many biochemical features of the cell lining such as the relative concentration 

of endothelial, smooth muscle, and mesenchymal cells. 

Using LIF within the tissue engineered blood vessel mimic would involve several 

challenges. First, the growth media is highly fluorescent in comparison to the cellular 
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lining. Fluorescence could be performed by either temporarily replacing the growth 

media with a low-fluorescence substitute or choosing exogenous fluorophores that excite 

and emit at wavelengths with little growth media fluorescence. The polymeric scaffold 

would be a second challenge for using LIF in blood vessel mimics. Preliminary work 

with ePTFE suggests that the polymer‟s fluorescence could mask fluorescence from the 

cellular lining. This issue could be partially resolved by careful design of the dual 

modality endoscope. For example, coincident illumination and collection spots on the 

tissue would be most sensitive to fluorescence at the surface. Higher NA optics could be 

implemented to form a confocal gate thereby reducing the probability that photons 

fluoresced deep from within the ePTFE would arrive at the spectrometer. 

A bioreactor - OCT system. Future work may involve the development of a combined 

bioreactor – OCT system. In such a device, the OCT endoscope would remain within the 

central lumen of the BVM chamber throughout the mimic development. This would 

eliminate the need to constantly sterilize and insert the probe into the blood vessel mimic. 

Such a system would allow the tissue engineer to evaluate the lining development quickly 

and easily. The information could then be used to change growth conditions to optimize 

the development process. After the mimic is complete, the endoscope could be removed, 

sterilized, and repackaged for the next round of mimic development. 

There are several confounders for such a device including biofouling of the endoscope 

glass cover and maintaining laminar flow throughout the mimic. OCT may still visualize 

the mimic even through small to moderate levels of biofouling on the endoscope window. 
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Studies would need to be performed to determine if the biofouling would cause 

significant degradation in the OCT images. Surface modifications to the glass endoscope 

window may reduce the amount of biofouling. Secondly, the presence of a glass cylinder 

in the lumen may complicate the flow of growth media resulting in regions of turbulent 

flow. A collaboration with researchers in fluid dynamics could produce continuum fluid 

dynamics models of the flow in such a combined bioreactor-OCT device. 

Future three core radial scanning endoscopes.  

The three core endoscope design described in Appendix B provided full 360° scans of 

luminal structures. This endoscope was developed for imaging inside the bioreactor using 

stainless steel hypodermic tubing. This device works great for imaging tissue that can be 

accessed with a semi-rigid endoscope. However, to image many tissues, a flexible 

catheter is required. A future direction may evaluate the possibility of creating a more 

flexible version of the three core design. Although the fiber would now be contorted, the 

shape remains fixed during imaging so that little to no fiber birefringence effects would 

degrade the image. The technical challenge would involve finding suitable materials for 

the central and intermediate tubes. These materials would have to be flexible but also 

have relatively low coefficients of friction to reduce non-uniform rotational friction – a 

confounder that results in non-uniform rotational velocities. The non-uniform rotational 

friction could be tolerated if a system was designed that could monitor and correct for the 

angular speed of the endoscope tip. 
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Application of algorithm to stented native arteries.  

The work with blood vessel mimics allowed the development of imaging techniques and 

image processing algorithms that can be used to assess stent endothelialization.  There is 

a clear opportunity for such a technology to assist in the development of next generation 

drug-eluting stents that promote reendothelialization but prevent restenosis. Future 

endeavors may include further development of these techniques by imaging native 

stented arteries.  This project would include technological improvements to the 

endoscopic OCT system, imaging of ex vivo stented arteries, and improving the automatic 

strut coverage algorithm. 

Several innovations would significantly enhance the OCT imaging system for 

determining stent endothelialization.  The development of a swept-source Fourier 

Domain OCT system (SSOCT) would provide several improvements in the acquisition of 

volumetric datasets.  SSOCT has been shown to increase the acquisition speed by several 

orders of magnitude while providing better sensitivity than time domain systems.
90

  

Based on published acquisition speeds of commercial SSOCT systems, the volumetric 

imaging time would reduce from 30 min to less than a minute per dataset.  

This improvement in imaging time assumes that fast-scanning endoscopes are used.  The 

implementation of helical scanning can significantly increase the scanning rate for the 

endoscope. A fast rotational motor will sweep the beam radially as a relatively slow 

linear actuator will simultaneously move the beam longitudinally through the tissue.   
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With the development of a faster endoscopic OCT system, volumetric images of ex vivo 

stented native arteries would be acquired.  These studies would provide verification for 

the SSOCT system and provide volumetric datasets needed to adapt the strut 

endothelialization algorithm to analyze native artery datasets.  Ideally, the first set of ex 

vivo arteries would be from stented animal arteries, such as rabbits.  After verifying the 

system and successfully acquiring animal volumetric datasets, stented cadaver arteries 

could additionally be imaged. After completion of the OCT studies, the strut 

endothelialization could be analyzed with destructive techniques such as plastic-

embedded histological sections, scanning electron microscopy, or epi-fluorescence 

microscopy.  

Several improvements can be made to the algorithm based on the images from the ex vivo 

native arteries. First, the algorithms were originally developed using the simplified 

geometry of the blood vessel mimic. Native arteries have a more complex structure in 

OCT compared to the mimics. The algorithms can be modified to reduce any 

performance degradation from the extra complexity associated with native arteries.   

Secondly, new features could be added to the algorithm. Strut maps have been developed 

to indicate whether struts were covered or uncovered within a stented mimic. These strut 

maps may assist in future improvements to the algorithm. Since the strut geometry is 

clearly identified in these maps, a combination of median filtering and image erosion and 

dilation techniques could be used improve the strut identification performance of the 

algorithm.  



 

 

 

84 

 

Improvements in the OCT technology and algorithm would produce a valuable tool to 

accurately measure endothelialization in stented artery samples – an assessment needed 

by stent developers.  If the endoscopic system and algorithm perform as expected, the 

research could be extended to the evaluation of in vivo stented arteries.  The confounding 

effects of blood, flexible endoscopes, and live animal studies would provide many 

challenges in assessing stent endothelialization  in vivo. As this human in vivo imaging 

has been performed in other laboratories, collaborations would be an effective method to 

extend the stent endothelialization algorithm into the clinic. 
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Operating Procedure for Longitudinal Endoscope Study 

A. Disconnecting BVM Chamber from Peristaltic Pump:               

1. Slow pump rate to 50 mL/min. 

2. Temporarily stop flow in peristaltic pump by pressing the stop button on the 

pump‟s user interface. 

3. Rotate stopcock lever to prevent any flow through bioreactor tubing.  

 

4. Place clip on tube at distal end of the bioreactor chamber to stop luminal flow 

through the BVM.  

5. Lift up on the cassette release lever to remove the cartridge from the pump. 

 

 

Figure A-7. Position of stopcock lever for luminal flow to the blood vessel 

mimic. 
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6. Remove tubing from the cassette. 

 

 

7. Replace cassette on pumphead. Press firmly until the cassette clicks in place. 

8. Restore flow in the pump to the lowered flow rate of 50 mL/min. 

9. Transport blood vessel mimic chamber and media reservoir to the Fast OCT 

machine. 

 

Figure A-9. Removing the tubing from the peristaltic pump cassette. 

 

Cassette Release Lever 

 

Figure A-8. Peristaltic pump and the location of the cassette release lever. 
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B. Imaging BVM with Longitudinal-Scanning Endoscope:   

10. Remove sterile glass cover from autoclave packet. Handle the glass cover from 

open end. 

11. Place drop of ethanol into the lumen of sterile glass cover. 

12. Slide the sterile glass cover over the endoscope. The cover will remain in place 

due to the surface tension of the ethanol. Be sure ethanol doesn‟t flow out of the 

glass cover. If it does, allow a few minutes for ethanol to evaporate. 

13. If sterile cover glass is not used, spray endoscope with solution of 70% ethanol. 

Allow several minutes for solution to evaporate. 

14. Move the entire endoscope assembly to its highest position using the knobs 

located at the back of the endoscope mount. 

 

 

Figure A-10. Moving the endoscope assembly using the knob at the back of the 

endoscope mount. 
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15. Disconnect the bioreactor tubing at the stopcock port proximal to the blood vessel 

mimic chamber. 

 

16. Thread tubing and BVM chamber through rubber band located on the mounting 

plate beneath the endoscope mount. 

17. Insert the endoscope into the tubing. Secure BVM chamber to mounting plate 

with the rubber band. 

18. Lower the endoscope assembly until the end of the glass sterile tube reaches the 

distal plastic connector within the BVM. The operator can feel resistance when 

the glass reaches this plastic tube or the BVM will distort suddenly. 

19. Acquire one longitudinal image. 

20. If imaging within the plastic connector, adjust endoscope position within the 

BVM. Course adjustments can be made by moving the endoscope assembly. Fine 

adjustments can be made by moving the linear motor using the controllers 

provided in the FastOCT software. 

 

Figure A-11. Disconnecting the stopcock from the tubing into the BVM chamber. 
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21. Acquire longitudinal images based on study protocols. 

22. Raise endoscope assembly to its highest position using the knobs located at the 

back of the endoscope mount. 

23. Remove BVM Chamber from endoscope. 

24. Reconnect the bioreactor tubing to original configuration. 

C. Connecting BVM Chamber to Peristaltic Pump 

25. Transport BVM chamber and media reservoir to the incubator. 

26. Temporarily stop flow in peristaltic pump. 

27. Switch stopcock such that it allows fluid flow through the lumen of the BVM. 

The stopcock lever should be pointed toward the open port of the stopcock.  

 

28. Remove clip on tube at distal end of the bioreactor chamber to allow luminal flow 

through the BVM.  

29. Press on the cassette release lever to remove the cartridge from the pump. 

 

Figure A-12. Rotate stopcock lever to provide luminal flow into BVM chamber. 
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30. Replace tubing into the cassette. Make sure the tubing is not twisted. 

31. Replace cassette on pumphead. Press firmly until the cassette clicks in place. 

32. Repeat steps 2 through 31 for each BVM. 

33. After the last BVM, restore flow in the pump to the lowered flow rate of 50 

mL/min. 

34. After one hour, raise the flow rate to 75% of original setting. 

35. After another hour, raise the flow rate to 100% of original setting. 
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Layer Thickness Measurement Software 

Matlab 7.0 (R14) 

Introduction. A need was identified for a software tool to measure the thickness of a 

particular layer seen in images from OCT or histological sections. For example, one may 

want a measure of the thickness of a cellular layer in a tissue engineered vascular graft. 

The following software was developed for that purpose. The user specifies the upper and 

lower boundaries of the layer and the program calculates the vertical distance between 

these two boundaries at each A-scan of the image (or column of the image).  The 

software also calculates the statistics of the measured heights. 

 

Figure A-13. The MATLAB graphical user interface for the layer thickness 

software. 
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The user interface is shown in Figure A-13. The form is structured such that the user will 

typically start at the top of the form and work downwards.  

Load Image. After clicking this button, a dialog box is displayed asking the user to select 

the image file that he/she wants to analyze. The software can handle the standard image 

files, including tiff, bmp, jpg, gif, and png. The most recent version does not open text 

image files, such as OCT raw data. This data will need to be converted to one of the 

standard image files before proceeding. 

Locate Surfaces.  Once clicking this button, the image figure is displayed asking the user 

to identify the top surface, as can be seen in Figure A-14. The user locates the top surface 

by adding markers by left-clicking the mouse. Each marker is displayed with a blue dot. 

After two markers have been indicated, the software begins drawing a line estimating the 

profile of the surface. As shown in Figure A-14, this curve is a cubic spline that is based 

on the position of the user-specified markers. The markers can be created in any order 

along the surface. Once the user is finished locating the top surface, the user should right-

click for the last marker to indicate that he/she is finished identifying the top surface. 
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Immediately after finishing the top surface, the software proceeds to the bottom surface. 

Now, each marker is indicated with a red dot. The process is identical to that used with 

the top surface. Once complete, the user right-clicks for the last marker to tell the 

software that the bottom surface has been identified. 

The software will calculate the vertical distance between these two curves. As might be 

expected, the thickness is only calculated where the top boundary curve lies over the 

bottom boundary curve. Figure A-15 is a drawing showing the region where the thickness 

is calculated. 

 

Figure A-14. Identifying the top surface. 
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Clear Surface Lines. If the user desires to re-enter the markers defining the two 

boundaries, he/she can click the Clear Surface Lines button to remove the red and blue 

curves. The boundaries can be re-entered by clicking the Locate Surfaces button and 

repeating the procedure of left and right button clicks. 

The Conversion Factor. The conversion factor can be entered either manually or with a 

graphical entry. This is the conversion factor for the vertical direction. As indicated on 

the form, the conversion factor should be entered in units of m/pixel.  

If a scale bar is indicated on the figure, as is the typical case with histological images, the 

user may click the Solve button. Immediately afterwards, the software brings up the 

image window and expects two points from the user identifying a length on the image 

(for example, with a scale bar, the points would be placed at each edge of the bar). After 

selecting the second point, the command window prompts the user to enter the actual 

 

 

Figure A-15. Location of thickness measurement region. 
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distance corresponding to the two points just entered (in m). After pressing enter, the 

software calculates the conversion factor and fills out the textbox with the resulting value. 

Conversion and Statistics. Once the user clicks the Calculate button, the thicknesses of 

the layer are calculated in pixels and then converted into microns based on the number in 

the conversion factor textbox. The thicknesses are based on the vertical distance between 

the two boundaries.  

The statistics of the thicknesses are also calculated. These include the mean, standard 

deviation, median, minimum and maximum values. The statistics are output to the 

command window. In order to facilitate transferring the statistics to a spreadsheet 

program like Excel, the five statistical measures are automatically copied to the clipboard 

so that the values can be easily pasted into other programs. 

Save Heights. The user may also save the thicknesses and the corresponding A-scan (or 

column number) where the thickness was measured. The data are saved in a text file. The 

name is specified by the user from a dialog box that is displayed shortly after the Save 

Heights button is clicked.  The text file is tab-delimited with two columns of vectors: the 

first column contains the A-scan numbers (column numbers) where the corresponding 

thickness was measured, and the second column contains the thickness measured from 

between the two user-specified boundaries. 
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Once finished with the image, the user can close the figure and repeat the process for 

subsequent images. 

Troubleshooting. Some errors do occur with the program – particularly, if variables are 

cleared or figures are closed that are involved with the program. Matlab is robust and 

usually does not crash but the user may need to re-load the image and start over.  
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Easy Thumbnail Generator 

C# and Microsoft Word 2003 

Introduction. A need was identified for a software tool that could extract the images 

within a folder and display them as a sheet of thumbnails. Many programs already 

provide this capability using HTML. Unfortunately, HTML often results in a complex 

thumbnail file(s). First, the thumbnail file references actual images so the images always 

have to be in the same file path relative to the thumbnail file. This means large zip files 

are necessary to send others the thumbnail file. Beyond the original images, the HTML 

programs also create thumbnail images, which are stored and referenced, thereby adding 

to the complexity. Editing the HTML file is also slightly more difficult than a regular 

Word document. 

The Easy Thumbnail Generator was developed to extract all the images of a certain type 

(e.g. jpg, gif, bmp, tiff, etc) and create a Word document displaying a table of thumbnails. 

This program works with Microsoft Office Word 2003. Being the most popular word 

processing program, Microsoft Word is easy to both use and manipulate the resulting 

thumbnail document. Additionally, all the images are stored within the Word document 

all the information is contained within the one document. This greatly simplifies the 

process of sharing the thumbnail file with others. This software has not been tested with 

other versions of Microsoft Word.  
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Operation. The user-interface is shown in Figure A-16. The current version contains two 

tabs that allow the user to enter information relating to the images he/she wishes to 

import and the appearance of the resulting Word document. 

Image Info. The user selects the directory that contains the images to be displayed in the 

thumbnail document. The directory can be entered by either typing or pasting the path 

into the Directory textbox. Alternatively, the user can click the folder icon next to the 

textbox and a dialog will be displayed to help the user select the appropriate directory. 

Once a directory is chosen, the text in the screen indicates the number of images in the 

directory that have the image type specified in the Image Type combo box. The default 

image type is jpeg. If no images are found in the directory, either the directory or image 

type need to be changed. Once the image info is specified, the user can now specify the 

appearance of the Word document. 

 

 

Figure A-16. Graphical user interface for thumbnail maker. 
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Appearance. The Appearance tab contains four forms. The first textbox allows the user to 

specify the title of the thumbnail page, which will appear at the top of the Word 

document, as shown in Figure A-17. The Date textbox allows the user to specify the date 

the images were taken, which is displayed beneath the aforementioned title. The 

thumbnails are placed within a table. The user can specify the number of columns of this 

table. The number of rows is determined by the software such that all of the images are 

displayed. The last and final option is the font of the text in the thumbnail document. The 

default is Palatino Linotype. 

Once the Appearance tab is complete, the user clicks the Build Word Document button. 

After a short delay, a Word document opens with the thumbnails displayed in a table. The 

 

Figure A-17. Example layout of built Microsoft Word document. 

 



 

 

 

120 

 

word document can be changed and altered just like any other document. If the user 

wishes to keep the thumbnail document, he/she must save it in Word.  
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Abstract: We have developed a 2.1 mm outer diameter optical coherence tomography 

endoscope that provides radial scans of luminal structures. The endoscope consists of 

three elements: (1) a stationary central core containing the fibers and focusing elements, 

(2) a rotating intermediate tube with a distal rod prism, and (3) a stationary sterilized 

glass cover. This design enables radial and spiral scanning and allows adjustment of the 

axial focal distance. Additionally, this design is capable of focusing light from multiple 

fibers into tissue. The performance of the endoscope was demonstrated in a study of ten 

tissue engineered blood vessels constructed of three types of polymeric scaffolds.  
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Optical coherence tomography (OCT) is a technology that uses near infrared light to 

provide depth-resolved, cross-sectional images of tissue.  Using low coherence 

interferometry and optical heterodyning, OCT provides significant improvements in both 

resolution and dynamic range compared to ultrasound. Axial and lateral resolutions 

typically range from 5 to 30 m depending on the light source and sample arm optics.  

These performance improvements come at the expense of penetration depth - OCT is 

typically limited to 1-2 mm in highly scattering tissues.  

OCT systems can be developed using standard fiber optic components. The low cost and 

small diameter of single mode fiber facilitates the construction of miniature OCT 

endoscopes. Researchers have developed a variety of probes to image tissues such as 

colon, esophagus, and blood vessels.
1
 OCT endoscopes can be classified by how the light 

is directed out of the endoscope. End-firing designs image tissue at the tip of the 

endoscope. Side-firing designs direct the beam out of the side of the endoscope to image 

adjacent tissue. The side-firing endoscopes can be divided into longitudinal and radial 

scanning designs. The first radial side-firing OCT probe used a gradient index lens and 

prism to focus and direct light from a single mode fiber into tissue. These elements were 

rotated using a proximal motor and a rotary fiber coupler.
2
 Other researchers have 

developed radial scanning endoscopes that use micromotors located in the distal end of 

the endoscope. This motor rotates a prism while the fiber and gradient index lens remain 

fixed.
3,4
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We have developed another form of radial scanning, side-firing OCT endoscope. The 

aims for this design were to develop a miniature endoscope that minimizes time-varying 

fiber birefringence, eliminates wire shadows, and provides complete 360° radial or spiral 

scans of the surrounding tissue.  

As shown in Figure B-1, the endoscope design contained three concentric elements: a 

stationary central core containing the focusing optics, a rotating intermediate tube 

containing the beam-diverting rod prism, and a stationary sterile glass cover . An 18-

gauge hypodermic stainless steel tube with an inner diameter of 1.07 mm was used for 

the central core. The optics were designed for 1300 nm center wavelength operation, and 

consisted of a single mode fiber (SMF-28), a ferrule, and a gradient index lens. The 0.975 

mm diameter ferrule was used to radially center the fiber on the gradient index lens. The 

3.348 mm long, 1.0 mm diameter gradient index lens (SLW-1.0, NSG America) placed 

the focus 2.35 mm from the distal end of the lens. These components were secured with 

standard fiber optic epoxies (NOA63, Norland, New Jersey and F120, Thorlabs, New 

Jersey).  

The intermediate tube consisted of 16-gauge hypodermic steel (1.35 mm inner diameter) 

with a 1.0 mm aluminum coated rod prism affixed at the distal end with epoxy to deflect 

the beam out the side of the endoscope. A 180° window 1.7 mm in length was machined 

4.5 mm from the distal end of the intermediate tube to allow the light to exit. The rod 

prism was tilted with a 100 m thick spacer so that the reflecting surface was oriented at 
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48° with respect to the lens optical axis. This tilt caused the beam to exit at a slight angle 

to the endoscope radial axis, minimizing reflections from the outer tube.  

The outer glass cover consisted of a custom glass tube, sealed at the distal end, with an 

inner diameter of 1.8 mm, a wall thickness of 150 µm, and a length of 20 cm. A steel ring 

adapter was epoxied to the proximal end of the tube to facilitate mounting to the 

endoscope motor mount (F120, Thorlabs, New Jersey). The glass cover was sterilized 

using standard steam autoclave procedure. When the endoscope was assembled, the 

central core and intermediate tube were positioned longitudinally so that the rod prism 

was displaced 900 m axially from the distal end of the GRIN lens. In this configuration, 

the focus was placed 400 µm from the outer dimension of the endoscope. However, the 

location of the focal plane could be modified by changing the GRIN-prism distance. The 

optics provided a spot size with 1/e
2
 diameters of 26 and 22 m at the focal plane. The 

astigmatism was created by the beam‟s path through the cylindrical glass cover.  

To achieve radial scanning, a direct current motor with a planetary gearhead and optical 

encoder were used. A motion controller enabled precision rotation of the endoscope 

optics using a serial port connection with the OCT system computer. A custom aluminum 

mount was designed to house this motor assembly and transfer the rotary motion to the 

intermediate tubing of the endoscope using identical gears attached to the motor shaft and 

intermediate tubing.  For longitudinal motion, a linear actuator positioned the central core 

and intermediate tubes within the glass cover. Simultaneous engagement of rotational and 

longitudinal actuators led to spiral scanning. A tight tolerance between the central core 
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and intermediate tubes prevented the optics from experiencing significant wobble during 

image acquisition. A diagram of the endoscope optics and motion control is shown in 

Figure B-1. 

 

 

 

Figure B-1. The endoscope design provides radial scanning using three concentric 

tubes. Rotational motion from a DC motor (M) is transferred to the intermediate tube 

(IT) using two identical gears (GR) within the motor mount (MT). A stationary central 

core (CC) contains the single mode fiber, ferrule (F), and GRIN lens (G). A glass cover 

(GC) provides a transparent and sterile interface between the tissue and endoscope. 

The inner tubes (IT and CC) can be moved in an out of the glass cover to provide 

longitudinal positioning. 
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To demonstrate the performance of the endoscope, we imaged ten tissue engineered 

blood vessel mimics (BVMs). The endoscope was connected to a time-domain OCT 

system that has been described previously.
5
 Briefly, a superluminescent diode light 

source with a central wavelength of 1300 nm and bandwidth of 100 nm provided a 

measured axial resolution of 10 m in air (7.5 m in water).  Reference arm scanning 

was provided by a Fourier domain optical delay line operating at 200 Hz. The tissue 

engineered constructs consisted of two primary components: (1) a biocompatible 

polymeric scaffold and (2) a thin cellular lining. Three types of 4.0 mm inner diameter 

tubular scaffolds were used –  three expanded polytetrafluoroethylene (ePTFE), three 

polyurethane, and four Dacron. Microvessel endothelial cells from human adipose tissue 

were sodded at a density of 1.25 x 10
6 
cells/cm

2
 on to the inner surface of these scaffolds 

using identical protocols. Each blood vessel was developed in a bioreactor, which has 

been described previously.
6
 The endoscope could be inserted through a three-way tuey 

port into the lumen of the bioreactor. The glass cover was sterilized prior to each imaging 

session to prevent contamination of the bioreactors. We imaged each BVM at 1, 4, 7, 14, 

and 21 days post-sodding. Radial cross-sectional images consisting of 2000 a-scans with 

625 points per a-scan were obtained every 1.0 mm for the central 10 mm of the BVM.  

Both ePTFE and Dacron material appeared relatively hyperintense. Polyurethane 

appeared relatively hypointense and additionally large media-filled, non-scattering pores 

were visualized. Figure B-2 illustrates the development of a confluent cellular lining 

within an ePTFE mimic. A very thin cellular lining was seen within the mimic one day 

after sodding. By day 4, the lining had developed into a thick, hypointense confluent 



 

 

 

127 

 

cellular layer. The lining was visualized to generally become thicker and more 

hyperintense for later time points. Islands of cellular material were visualized on the 

polyurethane grafts. No cells were visualized on the Dacron material, indicating that 

alternative protocols are required for successful development of BVMs using 

polyurethane and Dacron material. This experiment supports the use of endoscopic OCT 

as a tool for process control and development of tissue engineered constructs. 
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The concentric three element endoscope design offers advantages in comparison to 

previously-reported radial scanning designs. There are several merits of keeping the fiber 

optics, ferrule, and gradient index lens stationary during imaging.  First, an optical rotary 

coupling and rotating fiber are not necessary. This eliminates time varying birefringence 

that is introduced by stressing the fiber as it is being rotated. Second, the fixed positions 

 

Figure B-2. OCT time series of an ePTFE tissue engineered blood vessel mimic. (A) 

The 1 day image shows a thin confluent lining. (B) The 4 day image shows a 100 m 

thick, hypointense cellular lining. The 1
st
  and 2

nd
 reflections are from the outer glass 

window and multiple reflections occuring within the GRIN lens, respectively. (C) The 

14 day image shows a more hyperintense, approximately 85 m thick lining with 

similar intensity as the ePTFE scaffold. (D) The 20 day image indicates an 

approximately 150 m thick cellular lining. 
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of the fiber and focusing optics allow for the option of multiple imaging channels within 

the endoscope, e.g. for simultaneous acquisition of fluorescence spectra. Commercially 

available multiple channel rotary couplers have unacceptable losses and are limited in 

wavelengths of operation. Third, the design allows the operator to adjust the working 

distance (location of focal plane from endoscope window) while keeping the numerical 

aperture fixed.  This can be performed by adjusting the position of the stationary center 

core within the rotating intermediate tube.  

A disadvantage of distal micromotor-mounted prism designs is the presence of electrical 

wires obscuring a portion of the radial cross-section. Our endoscope provides complete 

360° radial cross-sections of the surrounding tissue without these obscurations. 

Micromotors can also have problems with excessive temperature, because they are 

contained within an insulating material like glass or plastic, and the size of the 

micromotor places a limit on how small the probe can be made.
1
 Although the current 

concentric three element design was developed to image within vessels with a luminal 

diameter greater than 2.1 mm, the endoscope can be reduced in size using smaller gauge 

hypodermic tubing and optical focusing elements. Since the motor in this design is 

housed outside of the endoscope, higher quality motors with optical encoder feedback 

can be used for accurate positioning, which is important for image registration when 

collecting volumetric datasets. 

The major limitation of the current design is that applications are limited to tissues that 

can be accessed with a semi-rigid endoscope. A flexible version could be developed but 
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the low torsional stiffness of flexible materials may lead to inaccurate rotational 

scanning, e.g. non-uniform rotational friction introduced by a flexible rotating 

intermediate tube may lead to non-uniform rotational speed during image acquisition. 

Further design and analysis is needed to determine if a flexible concentric three element 

endoscopic system could be developed. 

In future implementations, we plan to incorporate several multimode fibers into the 

stationary central core that will enable simultaneous endoscopic acquisition of OCT and 

laser-induced fluorescence spectroscopy of the tissue. Similar to previous longitudinal-

scanning designs,
7
 additional multimode fibers illuminate tissue with the excitation light 

and collect the resulting fluorescence. This endoscope would enable rapid spiral scanning 

acquisition of potentially synergistic structural information from optical coherence 

tomography and biochemical information from laser-induced fluorescence.  
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Rotational Endoscope Design 

Engineering Drawings for Endoscope 

 

 

 

Figure B-3. Solidworks rendering of rotational motor, aluminum mount, and 

hypodermic tubing. 
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Engineering Drawings for the Motor Mount 

 

 

Figure B-4. Solidworks drawing of front cover for aluminum mount. All dimensions 

in cm. 
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Figure B-5. Solidworks drawing of main component of aluminum mount. All 

dimensions in cm. 



 

 

 

135 

 

 

Parts List 

The components of the rotational endoscope are listed in Table B-1 and are organized 

into three categories: optical components, endoscope materials, and the endoscope 

mount. The main optical components were the GRIN lens, rod prism, and single mode 

fiber. The GRIN index lens was ordered from NSG America with a diameter of 1.0 mm 

and length of 3.325 mm. As the lens was a surplus item from a previous project in the 

laboratory, no quote is available for this component. The $12 price shown in Table B-1 is 

an estimate based on other GRIN lens orders from NSG America. The single mode fiber 

(SMF-28) was a 4 m bare fiber with FC/APC connectors. The angled polish of these 

connectors reduces light back-reflected into the OCT system. A stock rod prism was 

purchased from Edmund Optics. This rod prism had a diameter of 1 mm and a mirrored 

surface at 45°.  

The endoscope materials included stainless steel hypodermic tubing, a glass cover, and 

two identical spur gears. Two sets of stock, stainless steel hypodermic tubing were 

ordered from Small Parts. Two spur gears were purchased from SDP/SI. These stainless 

steel gears had 72 teeth, a 1.125 pitch diameter, and a 1/4 in bore diameter. A custom 

glass cover was developed in the University of Arizona Chemistry Glass Shop.  This 

cover was drawn to have an outer diameter less than 2.1 mm and fit over the intermediate 

stainless steel hypodermic tubing. The glass cover was capped at one end  



 

 

 

136 

 

The motor mount included a DC rotational motor, miniature bearing, and a custom built 

aluminum mount. The 23 mm diameter DC rotational motor (2342S012CR) was coupled 

to a 66:1 planetary gearhead (23/1 66:1) and a 500 lines/rev optical encoder 

(HEDS5540A06). The rotational motor was controlled with drive electronics 

(MCDC2805).  A miniature radial bearing was used to support the gear to the mount. A 

custom built mount was designed and manufactured by Charles Burkhart.  

Table B-1. The part list for the rotational endoscope (* indicates an estimated price) 

Part Vendor Quantity Price Each 

Total 

(including tax 

and shipping) 

Motor / Controller / Encoder / Etc MicroMo 1 $692.10 $692.10 

Miniature Bearing (R1212-UU) Boca Bearings 1 $8.95 $10.95 

Spur Gear (S1066Z-064S072) SDP-SI 2 $13.49 $37.48 

Hypodermic Tubing (HTX-16T-

24) 

Small Parts 2 $5.40 $10.80 

Hypodermic Tubing (HTX-18X-

24) 

Small Parts 2 $9.15 $18.30 

Rod Prism  Edmund Optics 1 $65.00 $65.00 

GRIN Lens (SLW-1.0-3.325) NSG America 1 $12.00* $12.00* 

FC-APC Connectorized Bare 

Fiber (PSFA1FA004) 

AC Photonics 1 $15.00 $15.00 

Rotational Mount Charles 1 $450.00 $450.00 

Glass Cover  Chem Glass Shop 1 $25.00 $25.00 

TOTAL    $1,336.63 

 

Construction Procedures 

A. Fabrication of the Central Core  

1. The optimum fiber length of 725 mm was based on the patch cables available for 

the Fast OCT system. The fiber was cut a few inches longer than this optimum 

length. 
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2. Measuring from the FC/APC connector, mark the ideal length (725 mm) with a 

black permanent marker on the outer surface of the fiber. This is where the fiber 

will contact the GRIN lens. 

3. Strip the jacket 5-6 mm proximal to the black fiducial (725 mm). This stripped 

distance corresponds to the length of the bore in the ferrule (5 mm). 

4. Measure 5-6 mm from where the jacket was stripped. Re-mark the 725 mm 

fiducial. Cleave fiber at this location. 

5. Follow standard procedures for fabricating a flat GRIN / ferrule assembly, 

repeated here for completeness 

6. Clean ferrule, GRIN, and fiber tip. 

7. Place ferrule and GRIN on fabrication stand, leaving a small gap between the 

GRIN and ferrule.  

8. Secure ferrule and GRIN with the two threads of the fabrication stand. 

9. Insert fiber through the ferrule to ensure stripped portion of fiber is long enough 

to contact GRIN lens. If not, strip the jacket more to get the desired length. 

10. Pull fiber such that cleaved end is 1-2 mm within the ferrule bore.  

11. Apply a small drop of Norland optical epoxy to distal end of ferrule using a 

needle. A portion of that epoxy flows into bore of ferrule due to capillary action. 

12. Push fiber through ferrule such that 1 mm of fiber is protruding out the distal end 

of the ferrule. 

13. Slowly push GRIN lens into the protruding fiber until the proximal GRIN end is 

flush with the distal ferrule end. 
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14. Illuminate epoxy for 3 minutes with UV gun. 

15. Apply small amount of epoxy to proximal end of ferrule with needle. Epoxy flows 

into the bore. Illuminate epoxy for 3 minutes with UV gun. 

16. Remove focusing assembly from fabrication stand. If too much glue was used, it 

might stick to the stand. Use care not to separate the GRIN and ferrule if this 

occurs. 

17. Place focusing assembly on table or breadboard and illuminate with UV gun for 

an additional minute.  

18. Measure performance by comparing slowOCT endoscope. Evaluate OCT signal at 

GRIN/AIR and GRIN/Ferrule interfaces. Compare backreflected intensity (DC) 

from both endoscopes. If too much back-reflected light, build another endoscope. 

19. Insert fiber/ferrule/GRIN assembly into 18G stainless steel hypodermic tubing 

(~300 mm long). Thread through until the grin lens protrudes from other size. If 

the assembly doesn‟t fit, try to remove excess glue with needle. 

20. Push GRIN/ferrule complete through 18G tubing. Apply small drop of standard 

fiber epoxy (F120, Thorlabs, New Jersey) in tube and on proximal end of ferrule.  

21. Using tweezers, place GRIN/ferrule assembly into tube. Do not pull fiber during 

this process. Allow the assembly to sit overnight. 

22. Place a bead of F120 fiber optic epoxy on other side of hypodermic tubing (side 

opposite of GRIN). Allow assembly to sit overnight. 

B. Fabrication of Intermediate Tube:               
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23. With a pen, mark a location 5 mm from the distal end of the intermediate tube. 

24. Using a Dremel tool, cut a 180° window about 1.7 mm in length. The goal is to 

create a window for the light to pass out of the intermediate tube – the dimensions 

are not critical. 

25. Using a file and a needle tip, remove any burrs from the newly cut window 

26. Clean the intermediate tube with ethanol, particularly around the newly cut 

window. 

27. Cut the intermediate tube such that it is 20-30 mm shorter than the central core 

(~280 mm long). Use the Dremel tool to cut the tubing. Remove any burrs and 

clean. 

28. Be sure the central core fits within the cut intermediate tube. If not, try to clear out 

lumen or make another intermediate tube. 

29. From the excess tubing, cut away a small section to serve as the shim to angle the 

rod prism. The shim should be about 1 mm long and ¼ of the cross-section (90°). 

30. On assembly table, place rear, unpolished edge of rod prism on shim. Orient rod 

prism so that mirrored surface is facing up – i.e. opposite of the side where the 

shim is located. The tip of the mirrored surface should touch table while the back 

is elevated by the thickness of the shim. 

31. Apply a small amount of UV curing epoxy at the prism/shim junction. A needle 

tip can be used to place the epoxy. Illuminate with UV gun for 3 minutes. 

32. Insert prism/shim assembly into distal end of intermediate tube with polished 

surface entering first. 
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33. Push prism/shim assembly into intermediate tube using a needle tip until the 

mirrored surface of the rod prism is immediately beneath the cut window. (The 

shim side should be located on the opposite side of the cut window) 

34. Apply UV curing epoxy to the sides of the rod prism with a needle tip. Illuminate 

with UV gun for 3 minutes.  

35. Place intermediate tube on flat surface. Insert fiber optic polishing epoxy (F120, 

Thorlabs) into the distal end of the intermediate tube.  

36. While watching the prism through the window, slowly fill the tube with epoxy. 

Stop filling when the epoxy is seen on the sides of the rod prism.  

37. Allow intermediate tube / rod prism / shim assembly sit overnight. 

38. The next step is to attach the modified gear to the intermediate tube. The 

purchased gear had a 0.25” bore. Charles Burkhart machined a brass insert with a 

central bore matching the diameter of the intermediate tubing. Insert the proximal 

end of the intermediate tubing into the modified gear. The hub of the gear should 

be located on the prioximal side.  

39. With about ½” of the intermediate tube sticking out of the gear hub, generously 

apply the fiber optic polishing epoxy to this location.  

40. Slide the intermediate tubing back into the modified gear hub until the proximal 

end is just above the bead of epoxy (approximately 1/8”). Be sure the epoxy 

doesn‟t flow into or obscure the lumen of the intermediate tubing. Allow to sit 

overnight. 
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C. Assembly of Rotational Endoscope 

41. Insert motor into appropriate port on the motor mount. Secure the motor with the 

clamping bolt. 

42. Place a Delrin washer on both sides of the intermediate tube gear. 

43. Press radial bearing onto gear hub. 

44. Insert central core about half way into the corresponding port in the mechanical 

mount. 

45. Carefully insert central core into the intermediate tube assembly. Be sure not to 

touch the distal end of the GRIN lens or apply any pressure to the sides of the 

lens. 

 

Figure B-6. The epoxy bead connecting the intermediate tube to the gear. The black 

disk is the Delrin washer and the concentric pieces of aluminum is the bearing. The 

brass insert can be seen in this image. 
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46. Press radial bearing into the motor mount (pressure fit). 

47. Secure other gear onto motor shaft using the set screw in the gear hub. Be sure the 

two gears are meshing appropriately. 

48. Place the intermediate tubing through the hole of the mount cover. Secure cover. 
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Operating Procedure for Mimic Scaffold Study 

A. Disconnecting BVM Chamber from Peristaltic Pump:               

36. Slow pump rate to 50 mL/min. 

37. Temporarily stop flow in peristaltic pump by pressing the stop button on the 

pump‟s user interface. 

38. Rotate stopcock lever to prevent any flow through bioreactor tubing.  

 

39. Place clip on tube at distal end of the bioreactor chamber to stop luminal flow 

through the BVM.  

40. Lift up on the cassette release lever to remove the cartridge from the pump. 

 

 

Figure B-7. Position of stopcock lever for luminal flow to the blood vessel 

mimic. 
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41. Remove tubing from the cassette. 

 

 

42. Replace cassette on pumphead. Press firmly until the cassette clicks in place. 

43. Restore flow in the pump to the lowered flow rate of 50 mL/min. 

44. Transport blood vessel mimic chamber and media reservoir to the Fast OCT 

machine. 

 

Figure B-9. Removing the tubing from the peristaltic pump cassette. 

 

Cassette Release Lever 

 

Figure B-8. Peristaltic pump and the location of the cassette release lever. 
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B. Imaging BVM with Rotationally-Scanning Endoscope:   

45. Remove sterile glass cover from autoclave packet. Handle the glass cover using 

the aluminum head. 

46. Slide the sterile glass cover over the rotational endoscope and secure using the 

provided post clamp. 

 

47. Move the entire endoscope assembly to its highest position using the knobs 

located at the back of the endoscope mount. 

 

Figure B-10. Securing sterile glass cover using the post clamp. 
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48. Position the endoscope within the glass cover using the linear motor controllers 

provided in the FastOCT software. It should be positioned to prevent translating 

the endoscope into the end of the glass cover while imaging within the BVM.The 

Motor Type should be set to bug.  

 

 

 

Figure B-12. The Applied Motion Translator window used to translate the linear 

actuator. 

 

Figure B-11. Moving the endoscope assembly using the knob at the back of the 

endoscope mount. 
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49. Disconnect the bioreactor tubing at the stopcock port proximal to the blood vessel 

mimic chamber. 

 

50. Thread tubing and BVM chamber through rubber band located on the mounting 

plate beneath the endoscope mount. 

51. Insert the endoscope into the tubing. Secure BVM chamber to mounting plate 

with the rubber band. 

 

Figure B-13. Disconnecting the stopcock from the tubing into the BVM chamber. 



 

 

 

148 

 

 

 

52. Lower the endoscope assembly until the end of the glass sterile tube reaches the 

distal plastic connector within the BVM. The operator can feel resistance when 

the glass reaches this plastic tube or the BVM will distort suddenly. 

53. Acquire one rotational image. 

54. If imaging within the plastic connector, adjust endoscope position within the 

BVM. Course adjustments can be made by moving the endoscope assembly. Fine 

adjustments can be made by moving the linear motor using the controllers 

provided in the FastOCT software. 

55. Acquire rotational images based on study protocols. 

56. Raise endoscope assembly to its highest position using the knobs located at the 

back of the endoscope mount. 

 

Figure B-14. Insert endoscope into BVM chamber and secure to stand with 

rubberband. 
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57. Remove BVM Chamber from endoscope. 

58. Reconnect the bioreactor tubing to original configuration. 

C. Connecting BVM Chamber to Peristaltic Pump 

59. Transport BVM chamber and media reservoir to the incubator. 

60. Temporarily stop flow in peristaltic pump. 

61. Switch stopcock such that it allows fluid flow through the lumen of the BVM. 

The stopcock lever should be pointed toward the open port of the stopcock.  

 

62. Remove clip on tube at distal end of the bioreactor chamber to allow luminal flow 

through the BVM.  

63. Press on the cassette release lever to remove the cartridge from the pump. 

64. Replace tubing into the cassette. Make sure the tubing is not twisted. 

65. Replace cassette on pumphead. Press firmly until the cassette clicks in place. 

66. Repeat steps 2 through 30 for each BVM. 

 

Figure B-15. Rotate stopcock lever to provide luminal flow into BVM chamber. 
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67. After the last BVM, restore flow in the pump to the lowered flow rate of 50 

mL/min. 

68. After one hour, raise the flow rate to 75 mL / min. 

69. After another hour, raise the flow rate to 100 mL/ min 
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User’s Guide for the Rotational Endoscope Software 

Introduction 

This section describes the operation of the C# software used to control the rotationally 

scanning endoscope. This software was written using Visual Studio 2005.  

Operating Instructions 

A basic screenshot of the software is shown in Figure B-16. The imaging parameters are 

divided into three tabbed regions. Each region is described in more detail below. 

Imaging Parameters: OCT Setup 

OCT Setup provides the inputs needed to define the image acquisition. A numerical up-

down box allows the user to select the depth of the image in mm. The standard depth 

used is 2 mm. The system has been calibrated for this particular depth. If another depth is 

selected, the operator should perform a depth calibration using a 1 mm cuvette.  
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The interface also features a drop-down menu that specifies the sampling information of 

the OCT images. The software will automatically convert the raw 2D rectilinear data into 

a polar representation. Mapping these large images from rectilinear to polar coordinates 

is time consuming so pre-defined look-up tables are used to greatly enhance the image 

processing speed of the software. Each line in the drop-down box contains four numbers. 

The first two numbers indicate the overall size of the OCT image in its rectilinear form. 

This is the total number of data points collected by the data acquisition system. The last 

two numbers indicate the dimensions of the polar image. In most cases, the polar image is 

square so these two numbers are identical. The sampling resolution as a function of the 

radial distance from the endoscope are calculated and displayed in tabular form beneath 

 

Figure B-16. The OCT setup for the rotationally scanning endoscope. 
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this drop-down box. Once the tables are successfully loaded, the adjacent image changes 

from a red stop sign to a green check mark.  

Additional sampling configurations can be added to this drop-down menu by selecting 

Display > Add New Image Size…  As shown in Figure B-17, this dialog has three 

numerical up-down controls. The first numerical up-down defines the dimensions of the 

polar image. The software assumes this image is square such that both dimensions have 

the same number of pixels. The second numerical up-down defines the number of 

columns in the rectilinear dimensions. This is the number of a-scans to acquire in one 

rotation of the endoscope. The final numerical up-down defines the number of rows in 

the rectilinear image. This is the number of pixels in an a-scan. When the user clicks Add 

Image Size, the software creates the two lookup tables and saves them in the standard 

directory, C:\RFOS Program Data\ with the filenames based on the input parameters. For 

example, the files in Figure B-2 would be two text files which each contained a 500 x 500 

table. The names of these files would be 

(1) radius2000x625to500.txt 

(2) angle2000x625to500.txt 

 

Figure B-17. The Add Image Size dialog box. 



 

 

 

154 

 

Below the rotational sampling information, the operator may select the a-scan rate of the 

OCT system. The standard speed is 200 a-scans/sec. If another speed is used, the operator 

should perform a depth calibration using the standard 1-mm deep cuvette. A shift factor 

is also provided to bring adjacent columns in register. The shift factor is required because 

data is acquired in both the forward and backward directions of the reference arm 

movement. The shift factor is used to correct for the triggering inaccuracy. A checkbox is 

also provided to allow the data to be displayed in the typical rectilinear format. This 

checkbox should be checked if the rotational endoscope is used to acquire longitudinal 

cross-sections or if the user would like to perform the polar transformation after the 

image acquisition is complete.  

Imaging Parameters: LIF Setup 

As shown in Figure B-18, the LIF Setup tab contains three numeric up-down boxes that 

allow the user to set the integration time, number of spectra to average, and the box-car 

smoothing pixels. The software was designed to interface with the Ocean Optics 

USB2000 spectrometer. The integration time is set based on the fluorescence signal of 

the tissue. Noise can be reduced by either averaging spectra or increasing the number of 

pixels in the boxcar smoothing (running average) operation. 
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Imaging Parameters: File Saving 

The File Saving tab provides a series of user inputs to control the way the files are saved 

after image acquisition. The first textbox allows the user to select the directory where to 

save the data. If the user clicks the folder icon, the software displays a folder browser 

dialog box. Otherwise, the directory location can be typed or pasted into the textbox. The 

next panel provides the filenaming convention which is divided into two parts. The first 

part is a user-specified descriptive filename. The second part is an increment number. 

The increment number is increased after each saved image to prevent saving over 

previously taken data. The increment number of the current image can be adjusted by 

clicking the up-down arrows or entering the number directly in the increment numerical 

up-down box. The filename would be OCTImage_001.bmp.  

 

Figure B-18. The LIF setup for the rotationally scanning endoscope. 
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There are several options for how the files are saved. If the first check box is selected, a 

standard graphics file is also saved. The file types include bitmap, jpeg, gif, and png. 

When the check box is selected, a configuration file is saved for each image. This 

configuration file (*.rfos, Radial FastOCT Software File) contains information on the 

imaging parameters for both the OCT and LIF acquisition for the image. Each line in the 

configuration file corresponds to the following information: 

(1) OCT Depth of Image 

(2) OCT A-scan Rate 

(3) OCT Rotational Sampling Information (e.g. 2000 x 625 to 500 x 500) 

(4) OCT Shift Factor 

(5) LIF Integration Time 

(6) LIF Number of Spectra Averaged 

(7) LIF Number of Pixels in Boxcar Smoothing 

Imaging Parameters: Scripted OCT 

The rotational endoscope software also includes a scripting capability. This feature is 

important for automating the image acquisition, which is common when acquiring 

volumetric data. As shown in Figure B-19, the textbox in the Scripted OCT tab is used to 

identify the path of the script file. If the user clicks on the folder icon, a folder browser 

dialog is opened. Four buttons are included in the Scripted OCT tab. The script can be run 

from the beginning to end or it can be run line by line. The button Run Next Line reads 

and executes the next unread line. The Run Script button starts reading the script from the 

beginning of the file and reads each line until it reaches the end of the file. If the system 

is reading through a script, the process can be canceled using the Cancel Script button. 

This stops the script at its current location. Pressing Run Script or Run Next Line will read 
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the next line without rewinding the script file. The Reset Script button cancels the script 

and rewinds it to the beginning. If the Run Script or Run Next Line buttons are pressed, 

the software starts reading the script from the first line. The line number and comment / 

command is written under Current Command from Script File. 

The script is a text (*.txt) file with a defined command structure. Each line represents 

either a command or comment. The commands are followed by a series of inputs that are 

delimited by tabs. If the first word doesn‟t match any of the commands, the line is 

considered a comment and is ignored by the software. The rotational endoscope software 

currently has three commands: 

 

Figure B-19. The File Saving options for the rotational endoscope. 
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Scan: The command “scan” tells the software to perform an OCT scan using the current 

parameters provided in the OCT Setup tab. There are no additional inputs for this 

command. All of the inputs are taken from the user interface under the OCT Setup tab. 

Save: The command “save” saves the OCT data using the settings provided in the File 

Saving tab. After each saved image, the software automatically increments the file 

number for the next image. There are no additional inputs to this command as all of the 

needed information is taken from the input elements under the File Saving tab. 

Move: The move command translates the endoscope longitudinally using the linear 

actuator. The move command is followed by three inputs: (1) the direction (either “up” or 

“down”), (2) the distance (in mm), and (3) the velocity (in mm/sec). For example, 

move up 8 1 

This command moves the optics in an upward direction a distance of 8 mm at a speed of 

1 mm/sec. Each element in this line is separated by a tab. 

Wait: The wait command pauses the execution of the script by a user-specified number 

of milliseconds. The command is followed by one number indicated in the number of 

milliseconds to wait. For example, 

wait 1000 

This command would wait 1 sec (1000 msec) before continuing with the next line of the 

script. 
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The software was written to ignore differences in case. For example, Scan, SCAN, scan, 

and sCaN would all be interpreted as the scan command. The software also ignored a 

space before or after the command. If the first word (defined as the characters before the 

first tab) does not match any of the commands, the line is considered to be a comment 

and is ignored by the software. 

Data Acquisition: OCT Acquisition 

As shown in Figure B-20, the OCT Acquisition tab in the Data Acquisition panel provides 

two buttons that acquire and save OCT data.  When the user clicks the Acquire Single 

Scan, the software reads the input parameters from the form. Movement of the rotational 

arm causes a cascade in the data acquisition:  

(1) the analog output to the reference arm is triggered by the index pulse of the 

rotational arm. 

(2) The reference arm signal triggers the analog input from the detection arm of the 

OCT system. 

Unlike other types of OCT software developed in the Tissue Optics Laboratory, the 

FastOCT data is not saved until specified by the user. Clicking the Save Current Image 

button saves the image currently displayed in the imaging window. This means that if the 

user clicks Save Current Image while an image is being acquired, the software saves the 

previous acquisition that is displayed in the imaging window (the current acquisition isn‟t 

finished so the image is not displayed yet in the imaging window). 
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Data Acquisition: LIF Acquisition 

The LIF Acquisition tab contains three buttons that acquire a single spectrum, acquire 

continuously, and save the current displayed spectrum. The LIF acquisition parameters 

are defined in the LIF Setup tab. The acquired spectra are displayed in a separated 

window called the lifDisplay. The graph in this window has some features like zooming. 

These features are accessed by right clicking the graph. When the Save Current Spectrum 

button is clicked, the LIF data is saved based on the naming convention defined in the 

File Saving tab. The data is saved in a tab delimited file with an *.spt extension. The first 

column of the text file contains the wavelengths and the second column contains the 

integrated intensities at each of these wavelengths.   

 

Figure B-20. The OCT data acquisition options for the rotational endoscope. 
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Data Acquisition: Dual Modality 

The Dual Modality tab contains one button labeled Acquire Dual Data. This button 

performs both OCT and LIF acquisition simultaneously. In the dual modality mode, both 

the OCT and LIF are saved automatically after an acquisition so there is no need for 

clicking the save data button. The OCT data is saved according to the convention set in 

the File Saving tab. The raw data in a rectilinear format is always saved. The image may 

be saved if the user has the Save graphic with raw image data checkbox selected. The 

LIF data is saved in a tab-delimited text file. The first row of the LIF data gives the 

location of each spectra in terms of the a-scan number. This is opposed to the software 

for other endoscopes, where the LIF is reported as a distance from the starting position of 

the OCT scan. The first column of the LIF data gives the wavelength of each spectra. The 

columns in this table are the intensities of each LIF spectra. Since the LIF data is in a 

rectilinear format, a comparison between OCT and LIF is best performed with the raw, 

rectilinear OCT data.  

Although the software attempts to correct for delays between the OCT and LIF data 

acquisition, a calibration should be performed prior to dual acquisition of OCT and LIF 

data. A simple way to do this is to cover the endoscope at random intervals with a dark 

cloth. This changes the LIF spectra (assuming room lights are on) and can be seen with 

OCT. After collecting both OCT and LIF data, the a-scan numbers in the OCT and LIF 

data matrices to see if the two data types change at the same location. If not, record the 

average offset and use this to correct any subsequent dual modality data. 
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Programming Guide for Rotational Endoscope C# Software 

The software was developed using C# and Visual Studio 2005. For future modifications, 

the following guide discusses the code-level details of the software. The guide is divided 

into two main components. The first section discusses the form layout and naming 

conventions. The next section discusses the operation of the OCT data acquisition 

including a description of the conversion from rectilinear to polar representation. The 

third section discusses the laser-induced fluorescence system and how both OCT and LIF 

data are acquired simultaneously.  

The Layout of the Forms 

Each element of the form has a name that is used to access its properties in the physical 

code of the software. Figure B-21 summarizes the names of all the form elements 

(buttons, textboxes, numerical up-down boxes, drop-down menus, etc) used in the 

rotational endoscope software. The appearance of the screenshots may have some 

differences depending on which operating system on which the software is run (e.g. 

Windows XP may have a slightly different appearance than Windows Vista). The top 

four images show the different tabbed regions under the imaging parameters. The bottom 

images show the Add Image Size dialog and the two additional tabbed regions under the 

Data Acquisition.  



 

 

 

163 

 

Setting Up the Data Acquisition 

Figure B-22 shows the process used to setup and start the OCT and LIF data acquisition. 

After clicking the Acquire Single Scan button, the software reads all the relevant form 

elements and updates the corresponding variables. This includes a calculation of the 

sample rate (points/sec), which is the product of the a-scan rate and the pixels per a-scan.  

Additionally, the sampling resolution is calculated and displayed in the OCT Setup tab. 

The software then checks to see if an imaging window is open by looking for owned 

forms that have the name ImagingWindow. If no window is open, a new imaging window 

is created, named ImagingWindow, and the owner is set to the Rotational Endoscope 

form. The software also positions the imaging window to the right of the Rotational 

Endoscope form so that the new window does not cover the controls.  

Fi

gure B-21. The form element naming convention used in the rotational endoscope C# 

software. 
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If LIF data is being acquired simultaneously with OCT (isLIFAcquireCont == true?), the 

software determines if a LIF Scan Window is open. If not, a LIF Scan Window is opened 

(LIFView). The LIF Scan Window assists in the visualization of the LIF spectra as a 

function of position. A bitmap is displayed that where each row represents a wavelength 

and each column represents an acquired spectrum. 

In the next step, the software calculates the voltage amplitude of the reference arm 

waveform. This equation relates the user-specified image depth (zDistance) to a voltage 

amplitude (refarmAmplitude). This is a linear relation whose slope and intercept are 

determined by a calibration using the 1 mm cuvette. In the most recent studies with the 

rotational endoscope, this equation was found to be: 

refarmAmplitude = 1.429977 * this.zDistance - 0.00420749; 

The software then calls the Initialize_AITask() method. The ideal number of total samples 

is the product of the number of a-scans and the number of points per a-scan. However, 

due to triggering and transient behavior, an additional four a-scans are included in the 

total number of samples (totalSamples).  A new analog input task is created. The Task 

class is part of the National Instruments DAQmx software (AITask). The next lines of 

code set certain parameters of this AITask. The timeout allows a certain amount of time 

for the data to be collected. If no data is available by the end of this timeout, the DAQ 

system throws an error. Theoretically, the timeout should be the total number of samples 

(totalSamples) divided by the sample rate (sampleRate). In practice, the data acquisition 

takes a little longer to complete so an extra 3 sec was added to the timeout, which is in 
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units of milliseconds. The next step is to create an analog input voltage channel using the 

methods associated with AITask. The signal is attached to the AI0 port of the DAQ card. 

This port has the address Dev1/ai0. The range is set from -10 to 10V. The sample clock is 

set using the sample rate (sampleRate) and total number of samples (totalSamples). An 

analog trigger is set on the PFIO port. It triggers when there is a falling slope at a quarter 

of the reference arm amplitude. For the final step in the Initialize_AITask(), a new 

instance of the AnalogMultiChannelReader is created using the AITask.Stream. This will 

be used later to access the acquired data. 

The software then calculates the rotational velocity of the motor based on the number of 

a-scans and the a-scan rate. For example, if we have 2000 a-scans and we acquire at 200 

a-scan/sec, it should take 10 sec (2000/200) to complete one revolution. The multiple of 

60 converts this to revolutions per minute (rpm). This is the speed of the rotational 

endoscope. However, the motor uses a planetary gear that has a 66:1 ratio, meaning that 

the planetary gear converts 66 rotations of the motor into one rotation of the endoscope. 

The last multiple of 66 converts the endoscope rotational velocity into the number of 

rotations of the motor in rpm. 

rotationalVelocity = (int)(ascanRate / numAscans * 60 * 66); 

The software then starts the analog input by calling the BeginReadMultiSample() method 

from the AnalogMultiChannelReader reader. The function AICallback was passed to this 

BeginReadMultiSample() method. Once the analog input is completed, the AICallback 

method is executed. The analog input waits for a trigger on the PFI0 port. This trigger is 

the analog output signal sent to the reference arm galvo. 
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If LIF data is acquired in additional to OCT, the software performs three additional steps. 

The first step is to quickly acquire 10 consecutive spectra. Their appears to be some 

significant integration / accumulation of signal associated with the first several spectra 

acquired after the spectrometer is turned on. To ensure this transient behavior isn‟t 

recorded during the data acquisition, the software collects 10 spectra. The reason for this 

behavior was never identified but the same phenomenon occurred with the Ocean Optics 

software indicating it is not a problem associated with the OCT/LIF acquisition software. 

The LIF spectra are acquired using a timer. The interval of this timer is set to the 

integration time plus 5 msec. This 5 msec is included to prevent the software from 

attempting an acquisition while the spectrometer is currently collecting a spectrum from 

the previous call. The LIF timer is then started and it automatically begins recording 

fluorescence spectra. 

The software determines the position of the micromotor and moves it with the rotational 

velocity calculated previously. The analog output is setup in the 

Initialize_AOGalvoTask() method. In this method, a new analog output task is created 

(AOGalvoTask). The following lines of code set various properties of this task. First, an 

analog output channel is created using the CreateVoltageChannel method. This is the 

signal for the reference arm galvo. The signal is sent from the AO0 channel, which has 

the address Dev1/ao0. The range of this output is set to -10 to 10 volts. The data transfer 

mechanism and sample clock are configured. A digital edge trigger is created on the PFI1 

channel.  This triggers on a rising digital edge. The trigger signal is from the reference 

pulse of the motor‟s optical encoder. This reference pulse occurs for every rotation of the 
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motor, which means that there are 66 of these pulses in the rotation of the endoscope 

because of the 66:1 planetary gearhead. 
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Figure B-22. The basic process for setting up and starting the OCT data acquisition 
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An additional method called GenerateReferenceArmWave is called that generates a saw 

wave to drive the reference arm galvo.  Figure B-23 shows the waveform sent to the 

reference arm galvo. The FastOCT works by acquiring a-scans on both rising and falling 

portions of this waveform. Suppose each  a-scan has 625 points. The first 625 points of 

the reference arm signal take the voltage to the negative reference arm amplitude 

(refarmAmplitude). The next 625 points represent the first true a-scan – the waveform 

goes from –refarmAmplitude to +refarmAmplitude. The complete waveform is created 

for the whole OCT image. In practice, this wasn‟t necessary as the buffer (i.e. waveform) 

sent to the analog output repeats itself. The reference arm signal could be as small as 2 a-

scans, or 1250 points in our example.  

A new instance of an AnalogSingleChannelWriter is created. The WriteMultiSample 

method of the writer is called to write this waveform data to the buffer. This task is 

started and it waits for the next index pulse from the motor encoder. This pulse triggers 

the analog output which then triggers the analog input. Immediately after the analog 

 

Figure B-23. The saw tooth signal sent to the Fast OCT reference arm galvo.  
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output is started the system saves the start time for the scan (scanStartTime). This time is 

used later for registering the LIF spectra to the OCT data.  

Image Processing 

Once the data acquisition is complete, the AICallback() function is called. This function 

performs all the necessary operations on the data and displays the results to the user, as 

summarized in Figure B-24. Immediately after the acquisition is complete, the software 

records the time that the scan ended. This time is used to estimate the position of the LIF 

spectra later in the analysis. If LIF is being acquired simultaneously, the LIF timer is 

stopped. The motor is sent back to its original position and stopped based on the position 

measured just prior to data acquisition (MicroMoPosition). The HEDS 5540 optical 

encoder has two channels with 500 lines per revolution. There are two pulses for each 

channel. Consequently, the number of pulses for one revolution of the encoder is 

500*2*2 = 2000. Since the motor/encoder revolve 66 times for one revolution of the 

endoscope, there are 2000*66 = 132000 pulses per endoscope revolution.  The command 

int backTrack = (MicroMoPosition + 132000); 

SendMicroMoPosition(rotationalCOMPort, backTrack); 

rotates the motor such that the endoscope has the same orientation prior to the previous 

data acquisition.  

The data is read from the AnalogMultiChannelReader reader in the form of a 2D array. 

The first row (0
th

) contains the signal from the OCT system. This row is extracted from 

the raw 2D array using an additional method called Separate_2D_Array. This long vector 
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is transformed into a 2D matrix representing the OCT image using a method called 

Create_2D_Matrix. This method uses the number of a-scans, pixels per a-scan, and the 

user-specified shift factor to create the image array. Since the FastOCT collects a-scans 

for both directions of mirror movement, the Create_2D_Matrix method fills the image 

differently depending on whether the column number is even or odd. For example, an 

even column is filled from the top down (e.g., row 0 to row 625) and an odd column is 

filled from the bottom up (e.g. row 625 to row 0).  
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The data is now displayed to the user in the image window.  If the user has selected the 

Display Rectilinear checkbox, the image window ImageData property is set to the 2D 

array. Otherwise, the image window RotationalImageData property is set to the data 

array. Both of these properties then perform the necessary processing to display the 

image.  

 

Figure B-24. Software execution after data acquisition.  
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Figure B-25 shows the process performed with the ImageWindow‟s ImageData property 

is set. When the data is sent to the ImageData property, the software evaluates the 

dimensions of the image with respect to the size of the client rectangle of the image 

window (widthRatio_data2clrect and heightRatio_data2clrect). The client rectangle is 

the region inside the window excluding menu bars, status bars, etc. If the ratio of widths 

(widthRatio_data2clrect) is greater than the ratio of heights (heightRatio_data2clrect), a 

new 2D data array (preOCTData2) is created with a width equal to the width of the client 

rectangle. A new preOCTData2 is created with a height equal to the height of the client 

rectangle if the ratio of heights is greater than the ratio of widths. The new preOCTData2 

array is filled with the raw data in the preOCTData array using a nearest neighbor 

approximation. 
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Figure B-25. Display of rectilinear data. 
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After creating the 2D array associated with the client rectangle (preOCTData2), the 

constructBitmap method is called. This function takes a 2D array (data) and coverts it 

into an RGB Bitmap. The function has two ways to perform this operation based on the 

input string cmode. The “SetPixel” mode iterates through each pixel and sets its color by 

inputing integers from 0 to 255 for the red, green, and blue channels. This was the 

original method for creating the bitmaps.  

Due to the slow speed of the SetPixel technique, a secondary method was created based 

on pointers.  First, the LockBits method of the bitmap class is used to lock the bitmap into 

the system memory.  An unsafe section of code includes an iteration that uses pointers to 

fill the RGB values for the bitmap. The bitmap is then unlocked from memory. This 

pointer technique significantly improved the performance in the creation of this bitmap.  

The constructBitmap method returns the bitmap and the data is displayed in the image 

window. The code for displaying the bitmap is included in the window‟s paint method, 

which uses the DrawImage() method in the graphics class to draw the bitmap within the 

client rectangle of the imaging window.  

Figure B-26 is a flowchart showing the process associated with setting the 

ImageWindow’s RotationalImageData property. Since image processing time was a 

concern in developing this algorithm, the process includes a feature to record the amount 

of processing time and reports the results to the user on the rotational endoscope status 

bar (the bar at the bottom of the window). The software then converts the 2D raw data 
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array to the radial cross-section using the radial and theta look-up tables. These tables are 

stored as 2D double arrays in the rotational endoscope form. For more information, see 

the section on The Look-up Tables.  
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Figure B-26. Display of rotational data. 
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The Lookup Tables 

Lookup tables were developed to speed up the image processing. Several lookup tables 

have been created and are listed in the drop-down menu of the rotational endoscope form. 

The user can create additional lookup tables by clicking Add New Image Size… from the 

Display menu. When the user clicks on the Add Image Size button, the software calls the 

createRTmapOfBitmap() method in the OCTImage class. The inputs of this function are 

the bitmap dimensions, the width and height of the raw data. 

First, the software assumes an inner and outer radius of 1.0 and 3.0 mm, respectively. The 

number of radial values corresponds to the number of pixels in the depth direction (i.e. 

sourceWidth). The software also assumes that data was taken from 0 to 360°.The number 

of theta values corresponds to the number of a-scans per image (i.e. sourceHeight). First, 

the radius for each pixel is calculated in a vector called rLookUpVector. The angle (theta) 

for each column of the image is calculated in a vector called tLookUpVector.  

The center of the image is calculated in terms of pixels. If the bitmap is 500 x 500 pixels, 

the index in either dimension goes from 0 to 499. The center of this range is 249.5. The 

center point is then (249.5, 249.5). This central location is used to calculate the radius and 

angle in the radial cross-sectional image.  

Two 2D double arrays are created with the same dimensions of the radial cross-sectional 

image. These are called the rBitmapPositions and tBitmapPositions. Two for loops are 

then used to iterate through these arrays. For each pixel, the x and y positions are 

calculated (in pixels) with respect to the center of the image (xPixelPosition and 
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yPixelPosition). These positions are then used to calculate the radius and angle of each 

pixel (rPixelPosition and thetaPixel).  

If the pixel is within the 1.0 mm radius or exceeds the 3.0 mm radius, the radius and 

angles are set to -1. This indicates that no OCT data was collected in these regions. Later 

in the software execution, pixels with -1 values for radius or theta are set to black. 

Otherwise, the algorithm then finds the radius and theta from the rLookUpVector and 

tLookUpVector‟s that most closely matches each calculated radius and theta for each 

pixel.  

The software then saves the rBitmapPositions and tBitmapPositions to a tab-delimited 

text file.  The files are saved in the directory: C:\RFOS Program Data. If this directory 

doesn‟t exist, the software creates the folder. Suppose a 2000x625 OCT image is 

converted to a 500x500 radial cross-section bitmap. The rBitmapPositions is saved in a 

text file named radius2000x625to500.txt. The tBitmapPositions is saved in a text file 

named angle2000x625to500.txt. The software also adds a line to the 

imageCombinations.txt file. This file lists all the types of lookup table available in the 

RFOS Program Data directory. To do this, a new instance of the StreamWriter class is 

created and 2000x625to500x500 is appended to the file. 
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Abstract 

The degree of stent endothelialization is related to the risk of late stent 

thrombosis. With a resolution of approximately 10 m, optical coherence 

tomography (OCT) is an imaging modality that may visualize the response 

to a vascular stent and characterize the percentage of struts covered with a 

thin, anti-thrombogenic cellular lining. We have developed an automatic 

algorithm to analyze volumetric datasets of OCT images. The struts are 

located using three custom metrics and an additional algorithm determines 

if the struts are covered with cellular material. The results of the algorithm 

were compared to manual observations and epi-fluorescence analysis. 

 

 

1. Introduction 

Studies have established that approximately 10 to 20% of patients treated with bare metal 

stents require secondary procedures due to restenosis.
1-3

  To address restenosis associated 

with bare metal stents, drug eluting stents have been developed that exhibit anti-

proliferative and/or anti-inflammatory action to reduce the hyperplastic response 

mailto:barton@u.arizona.edu
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following device deployment. 
2
 However, suppressing the vessel response may lead to a 

different problem, namely drug-eluting stents inhibit the formation of a protective 

endothelial cell lining. Studies suggest the exposed stent-strut surface may serve as a 

nidus for thrombus formation
4
. Late stent thrombosis (LST) associated with drug-eluting 

stents has been noted in several studies
5,6

. Different stent designs and drugs can induce 

unique responses from the arterial wall
4,7,8

 and have different risks for LST. During 

histological examination of autopsy specimens, stents associated with LST often show 

reduced endothelial coverage.
4,9

 In a study of a morphometric predictors, Finn et al. 

demonstrated that the ratio of uncovered to total struts was the best predictor of late stent 

thrombosis.
4
  

Intravascular ultrasound (IVUS) and optical coherence tomography (OCT) are two 

imaging modalities that may be used to indirectly assess LST risk in vivo by evaluating 

recellularization of strut surfaces.. Researchers have used ultrasound to monitor the 

neointimal volume
10

 and length of the stent that was free from intimal hyperplasia.
11

  

Echogenic contrast agents have been used to improve measurements of neointimal area.
12

 

Although appropriate for vessels with significant neointimal hyperplasia, IVUS systems 

may not have adequate resolution to detect stent endothelialization.
11,13

  Researchers have 

demonstrated an improvement in both resolution and dynamic range for optical 

coherence tomography in comparison to commercial IVUS systems.
14,15

 With 

approximately 10-µm axial resolution, this depth-resolved imaging modality is capable of 

visualizing both neointimal hyperplasia and the thin cellular lining associated with stent 

endothelialization.
13,16-21
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Volumetric scans with OCT promise better measures of endothelialization of the stent 

surface. However, the time-intensive nature of image analysis is a major limitation for 

using large image sets to assess strut endothelialization. An algorithm has been developed 

to automatically detect covered and uncovered struts and establish a percent cellular 

coverage for a volumetric OCT dataset. 

To develop and test the algorithm, a tissue engineered blood vessel was used as an in 

vitro model of  human blood vessels. Although these blood vessel mimics (BVMs) do not 

have the blood constituents and adventitia of a native artery, they have been shown to 

model the intimal response to a deployed stent.
22

 BVMs provide an excellent platform for 

development of imaging techniques and image processing algorithms prior to expensive 

and time-consuming animal studies. Previous work has demonstrated the utility of OCT 

for visualizing the BVM cellular lining and the feasibility of monitoring its response to 

deployed metal stents.
23

 The aims of the current study were to (1) visualize the response 

of blood vessel mimics to deployed stents using OCT, (2) calculate percent cellular 

coverage for each stent using an automatic algorithm, and (3) compare the algorithm 

results to other measures of strut coverage including manual calculations from OCT 

images and en face  fluorescent staining.  

2. Experimental Methods 

2.1 The Blood Vessel Mimics 

As described by Cardinal et al.,
22

 the blood vessel mimic (BVM) is a tissue engineered 

blood vessel that consists of a polymeric scaffold and a luminal cell lining. The 
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polymeric scaffold provides the mechanical support and biocompatible surface for the 

cellular lining of the BVM. For these experiments, 4.0 mm inner diameter, expanded 

polytetrafluoroethylene (ePTFE) tubing (Impra Bard, Inc; Tempe, AZ) was used as the 

scaffold material.  Microvascular endothelial cells were extracted from human adipose 

tissue. After processing, the cells were pressure sodded onto the lumen of the blood 

vessel mimic and developed within a bioreactor. The bioreactors have been described 

previously.
22

 Briefly, the bioreactor consists of three components: (1) a peristaltic pump, 

(2) a chamber containing the BVM, and (3) a media reservoir.  The peristaltic pump 

delivers nutrient-rich media to the developing mimic that is located in the BVM chamber. 

The media reservoir is used to facilitate the exchange of media during the development of 

the mimic. Similar to in vivo blood vessels, devices such as stents can be deployed in the 

BVM using sterile introducing catheters. A cross-sectional view of a stented blood vessel 

mimic is shown schematically in Figure C-1. 
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2.2 The OCT System 

The OCT system and endoscope have been described previously.
23

 This time-domain 

OCT system consisted of a 1300 nm superluminescent diode with a 100 nm bandwidth. 

The axial point spread function was measured to be 10 µm in air. A rapid scanning 

Fourier-domain optical delay line was used to achieve acquisition rates from 100 to 1000 

axial scans (a-scans) per second. Because image acquisition in these mimics was not 

time-critical all OCT images were acquired at a relatively slow 200 a-scans/sec. The 

sample arm consisted of a miniature endoscope which could be introduced into the lumen 

of the BVM and could acquire longitudinal images at any angle within the mimic. The 

optics of the miniature endoscope provided a lateral resolution of 20µm at a working 

 

Figure C-1. Cross-sectional schematic of a stented blood vessel mimic. 
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distance of 400 µm outside the endoscope window. A sterile glass cover was placed over 

the endoscope to prevent contamination of the developing mimic during imaging. 

2.3 Experiments 

Twelve BVMs were developed and imaged with OCT before and after the deployment of 

a vascular stent. After seven days of development within the bioreactor, either a bare 

metal or protein modified stent was deployed within each mimic. To further modulate the 

cellular response, half of the mimics containing each type of stent were developed using a 

greater media flow rate. The two flow rates were 15 and 60 mL/min
24

.  

OCT images were acquired of the BVMs immediately pre- and post-stenting to assess 

whether a cellular lining was present and to monitor stent deployment characteristics such 

as stent apposition and possible dissection of the cellular lining. The BVMs were 

additionally imaged at 3, 7, 14, and 20 days post stent deployment. Each image was 15 

mm long by 2 mm deep assuming a refractive index of 1.33. Each image consisted of 

3000 pixels in the longitudinal and 625 pixels in the depth directions. A total of twelve 

images were collected from a stented BVM at each time point.  

At day 20, the BVMs were removed from the bioreactor and fixed in 3% gluteraldehyde.  

Ten of the twelve mimics were imaged volumetrically with OCT while submerged in the 

fixation agent. Four hundred, equally spaced longitudinal images were acquired from 

around the circumference of the mimic. Each image was 8 mm long (800 pixels) and 2 

mm deep (625 pixels). A lower sampling resolution was used to minimize the memory 

requirements for the volumetric data set.  After volumetric imaging, eight of the ten 
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mimics were prepared for histology or BBI-fluorescence, and the additional two mimics 

were fixed and saved for future optical studies such as confocal microscopy.  

3. Image Analysis Software 

A MATLAB program was developed to automatically identify all struts in the OCT 

image and further tag those struts that were covered by >30 µm thickness of cellular 

material. The program consisted of three main components: 1) defining the strut search 

region by identifying the luminal surface of the BVM and excluding artifactual a-scans, 

2) identifying struts based on their bright surface reflection, dark shadow, and 

concentrated intensity, and 3) identifying covered struts based on distance between the 

BVM luminal surface and the bright strut surface reflection. The program was executed 

using a graphical user interface for ease of use. An overall flow chart for the program is 

shown in Figure C-2, and each component is described in more detail below. 
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Figure C-2. The basic execution of the strut identification software. An OCT image 

was analyzed using three metrics to identify the struts. An additional algorithm was 

developed to determine whether the identified struts were covered with a cellular lining. 
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3.1. Step 1: Defining the strut search region 

The strut search region was narrowed to avoid the confounding effects of BVM 

connectors and debris. To identify the luminal surface of the BVM, an iterative approach 

was used. First, the maximum reflected intensity in each a-scan was determined.  Then, 

the most shallow pixel in each a-scan that exceeded half the maximum intensity was 

located. This operation provided a rough estimate of the luminal surface. However, the 

estimated surface profile was often located within the BVM rather than at the true 

surface. Therefore, a small number of pixels (65) luminal to the estimated surface was 

analyzed. The most shallow pixel in this region that exceeded 20% of the maximum a-

scan intensity was recorded. This operation correctly identified the true surface across the 

majority of the BVM. However, saturation artifacts over highly reflective metallic struts 

led to sharp discontinuities in the surface profile. These erroneous data points were 

eliminated by using a running median filter with a kernel size of 31 pixels on the surface 

profile.  

Non-strut-associated dark shadows and bright reflections were caused by debris and by 

the connectors holding the BVM in the bioreactor chamber. The Matlab program 

automatically identified these two situations and removed the associated a-scans from 

further analysis. To eliminate shadowed regions caused by debris on the endoscope 

window or within the culture media, a maximum intensity of each a-scan was calculated. 

An intensity less than a user-defined number of standard deviations from the average (for 

this analysis, set at 3) was indicative of a shadow artifact. To eliminate the connector 
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regions, the program evaluated the calculated profile for large, discontinuous jumps that 

were associated with the edge of the plastic connector. A jump in the profile greater than 

10 pixels indicated the location of the connector edge. The side of this edge with the 

shallower profile was identified as the connector. The positions of affected a-scans were 

recorded so that they would be excluded from the later analysis. 

3.2. Step 2: Locating Stent Struts 

Struts were identified based on three defining image characteristics: a bright reflection at 

the surface of the strut, concentrated energy (that is, a rapid rise then fall in intensity for 

strut-positive a-scans), and a dark shadow underneath the strut. Not every strut exhibited 

all of these characteristics, but after defining the appropriate search region in Step 1, it 

was rare for non-strut regions to exhibit any of them. Therefore, a strut was identified if it 

met any one of these criteria. A more detailed explanation for each characteristic follows. 

Metallic struts were usually associated with reflections that were bright relative to the 

average intensity of the BVM. An example of this appearance is shown in Figure C-3.  A 

maximum intensity metric (MIM) was designed that would be sensitive to this bright 

reflection. First, median filtering was performed with a 3x3 pixel kernel to remove single 

pixel noise. Using the luminal surface profile found in step 1, the overall mean and 

standard deviation of the intensity were calculated for the most shallow 50 µm of the 

BVM. The maximum intensity value for each a-scan was also calculated. A threshold 

was set as the mean plus a user-defined number of standard deviations. This number was 

defined as the “strut reflection parameter”. If the maximum a-scan intensity value 
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exceeded the threshold, the a-scan was recorded as a MIM strut-positive. An example 

OCT image and its corresponding maximum a-scan intensity metric are shown in Figures 

C-3A and C-3B, respectively.  
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Figure C-3. The strut reflection metric evaluates the maximum reflected intensity in 

each a-scan. (A) An example OCT image of a stented blood vessel mimic; C, cellular 

lining; E, ePTFE scaffold; S, strut shadow; R, strut reflection. (B) The strut reflection 

metric. The threshold is based on the average intensity and a user-specified number of 

standard deviations of the most luminal 50 µm of the mimic. The intensity profile of a 

strut-positive a-scan (C) exhibits a rapid rise and fall in intensity with depth compared 

to a strut-negative a-scan (D).  (E) The median metric. The threshold is based on the 

metric mean and a user-specified number of standard deviations of the metric.  The 

image size is 8 mm x 2 mm. 
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A complementary algorithm utilizing the intensity profile of the a-scan was developed to 

increase sensitivity. As shown in Figure C-3C, a characteristic of the strut-positive a-

scans is a more rapid rise and fall in intensity with depth than the strut-negative a-scans 

(Figure C-3D). To quantify this observation, the maximum pixel intensity was found for 

each a-scan of the original unfiltered image. The number of pixels with intensities greater 

than half the maximum intensity (the full-width, half-maximum or FWHM) was 

calculated. The vector containing a-scan FWHM values for the entire image was then 

smoothed with a one dimensional running median filter with a kernel size of 11 pixels, to 

eliminate erroneous false positives from single a-scans (true struts were a minimum of 

eight a-scans wide). Since approximately 65% of struts were identified using MIM 

criteria, the strut-positive a-scans identified during that process provided an appropriate 

basis for automatic determination of the FWHM metric threshold. Any a-scan with a 

FWHM less than the average of the MIM strut-positive a-scans was also marked as strut-

positive.  

The final characteristic that defined struts was dark vertical shadows below the strut 

surface. To automatically detect this image attribute, a metric was developed that 

evaluated the median pixel intensities beneath the luminal surface. Prior to analysis, 

histogram equalization was performed on the image to increase the local contrast between 

the ePTFE scaffold and the shadow caused by the metallic strut. Linearization of the 

pixel intensity cumulative distribution function typically increased the difference between 

the shadow and scaffold pixel intensities. The highly reflective metallic struts caused the 

signal above the strut to appear to be mirrored beneath the strut. For struts covered by a 
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cellular lining, this effect resulted in the most luminal pixels of the strut shadow being 

displaced by a distance approximately equal to the thickness of the cellular lining.  This 

effect is shown in Figure C-4. The difference between the mimic luminal profile and the 

position of the maximum pixel intensity served as an estimate for the cellular lining 

thickness (i.e. the difference between the position of the mimic surface and the strut 

surface). For each a-scan, the median intensity of the 50 pixels deeper than the luminal 

profile plus twice this estimated thickness was calculated (the “shadow median intensity 

metric” [SMIM]). A threshold was set using the mean of the SMIM minus a user-

specified number of standard deviations of the metric. This number of standard 

deviations was defined as the “strut shadow parameter”. As shown in Figure C-3, those a-

scans that had a SMIM less than the threshold value were recorded as strut-positive.  

 

3.3. Step 3: Determining Cellular Coverage  

 

Figure C-4. A detail view of a covered strut shows the typical visualization: S, 

luminal strut reflection; I, cellular lining from incident light; R, cellular lining from 

strut-reflected light. The left image is 5 mm x 2 mm.  
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To determine cellular coverage, an algorithm was developed to evaluate the difference 

between the luminal profile of the mimic and the position of the luminal strut surface. 

The high reflectivity of the metallic strut would often saturate the detection electronics 

resulting in a broadening of the axial point spread function. This artifact would 

occasionally result in inaccurate locations of the mimic luminal surface immediately 

above the struts. Because of this inaccuracy, the luminal profile of the mimic (the top of 

the cellular lining) over a strut was defined by averaging the position at adjacent sides.  

The position of the strut surface was determined by averaging the positions of the 

maximum pixel intensity in contiguous strut positive a-scans. The difference between 

these two positions was calculated, and if this difference exceeded a user-defined 

threshold (defined as the “cell coverage parameter”), the strut was identified as covered. 

Figure C-5 shows an OCT image containing both covered and uncovered struts, and 

illustrates the step in identifying the covered strut. 
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4. Image Analysis Methodology  

Image analysis was performed in three steps. First, the total number of images was 

reduced to facilitate analysis. Poor quality images associated with deep luminal surfaces 

 

Figure C-5. The cell coverage algorithm determines whether a strut is covered with 

cellular material by comparing the position of the strut to the position of the luminal 

surface. (A) A stented BVM with both covered and uncovered struts. (B) An enlarged 

section showing a covered and uncovered strut. (C) The algorithm finds the average 

axial position of the luminal profile adjacent to the strut-positive a-scans, indicated 

with a thin white line. The profile position is compared to the position of the strut, 

indicated with a thick line. A strut is covered if the distance between these two 

positions exceeds a user-defined threshold. The image in (C) has been darkened to 

emphasize strut and profile indicators. Image A is 7.8 mm x 2.0 mm. Images B and C 

are 2.0 mm x 1.0 mm. 
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were also removed.  Second, a training set of randomly selected images was used to 

determine the optimal parameters for the automated algorithm. Third, each image was 

evaluated by both the algorithm and three observers.  These steps are described in detail 

below. 

4.1 Removal of Images 

Prior to any analysis, images were removed from consideration. For volumetric datasets, 

each image was separated by 0.9°. It was determined by visual inspection that very little 

change in the strut distribution and cellular coverage occurred between adjacent images . 

Therefore, there was no need to evaluate each of the 400 images per BVM. Every other 

image was removed from consideration such that each analyzed image was separated by 

1.8°.  

Additional images were removed if the average depth of the BVM luminal surface profile 

was within the bottom quarter of the image, or out of the field of view of the OCT 

system. The low contrast and poor lateral resolution associated with these deep surfaces 

rendered image analysis difficult. The position of the luminal surface was based on the 

orientation of the BVM with respect to the endoscope and was independent of the cellular 

coverage of the struts. This step reduced the total number of images from 2000 to 1461. 

4.2 Evaluation of the Training Set 

To determine optimal parameters for the automated algorithm, a training set of 150 

images was randomly selected from the total number of 1461 images. A sample size of 
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150 images was found to display similar statistics as larger sample sizes.  Three observers 

evaluated each of the training images. With assistance from a custom MATLAB program 

with graphical user interface, each observer recorded the locations of covered and 

uncovered struts for each image. Statistical measures of sensitivity, specificity, and 

percent correct classification (positive predictive value) were calculated for the 

automated strut identification and cell coverage algorithms using the observer data as the 

gold standard. The statistical measures based on each of the three observers were then 

averaged for a final estimate of the performance. Strut identification and cell coverage 

parameters were varied to find optimum values. The strut identification parameters that 

provided equal sensitivity and percent correct classification rate were chosen. The cell 

coverage parameter was selected to provide a high percent correct classification rate 

while maximizing sensitivity. 

Several assumptions and approximations were made to calculate statistical performance 

measures for the 150 image dataset. First, the strut identification results had no well-

defined true negative. An estimate of the number of true negatives was obtained by 

dividing the total number of strut-negative a-scans by the average strut width in each 

image. This method produced a large number of true negatives that resulted in high 

values values for specificity. Second, a wide strut was often identified to be multiple 

struts by the algorithm. These wide reflections occurred when imaging near cross-

members where the strut reflection could be up to 750 µm wide, compared to the average 

width of 80 µm. Since these multiple algorithm-identified strut-positive regions 

correspond to an actual strut, they were considered true positives in the statistical 
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analysis. A third assumption was made for thin struts located in close proximity to each 

other. This occurred near junctions and notches at cross-members of the stent. The 

algorithm occasionally identified the two adjacent struts as a wide continuous strut. Since 

both adjacent struts are associated with an algorithm-identified region, those two struts 

were counted as one true positive. This assumption was implemented for observer-

identified struts separated by less than 100 µm, where the normal separation between 

struts was on the order of 1 mm. 

4.3 Evaluation of Complete Datasets 

A manual analysis was performed to calculate percent cellular coverage for the ten 

BVMs.  Three observers blind to the BVM development conditions viewed each of the 

1461 images in random order. Each observer recorded the number of struts covered by 

cellular material and the total number of struts in every image. An average observer-

based percent cellular coverage was calculated for each of the BVMs. These average 

measurements served as the gold standard.  

The automated algorithm evaluated the same 1461 images using the optimal parameters 

determined from the 150-image training set. The automatic results were compared with 

the observational measurements of the 1461 images and results from bisbenzimide (BBI) 

fluorescence analysis. As described by Cardinal et al.
24

, a single blinded observer 

evaluated the BBI images and assigned a score from 1 to 5 based on the following 

criteria: 
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      1= little to no cell coverage  

      2= some cells interspersed on stent surface 

      3= subconfluent cell coverage with localized areas of cell density 

      4= confluent cell coverage  

      5= highest density of cell coverage on the stent surface  

The Pearson product-moment correlation coefficient was calculated for the percent 

cellular coverage OCT calculations and the BBI analysis. 

5. Results 

Example OCT images taken at 3 and 14 days post-stent deployment are shown in Figure 

C-6. The 3 day image show incomplete cellular coverage of the struts with a relatively 

hypointense cellular lining. By day 14, this portion of the BVM exhibits a confluent 

cellular lining, which is also more hyperintense.  Visual inspection of all OCT images 

taken during bioreactor development of the BVMS showed that in general these trends 

held for all BVMs- the coverage became more confluent and the lining became more 

hyperintense over time.   



 

 

 

200 

 

 

Excellent results were obtained applying the automated algorithm to the 20-day post-stent 

deployment volumetric datasets. Using the training set, a strut reflection parameter of 4.0 

and strut shadow parameter of 3.1 were chosen to balance the sensitivity and correct 

classification rate of the strut identification algorithms. These parameters provided a strut 

identification sensitivity of 93%, a specificity of 99%, and a correct classification rate 

(positive predictive value, PPV) of 95%. The cellular coverage parameter was 9-pixels. 

This parameter provided a sensitivity of 81% and a specificity of 96%. The cellular 

coverage algorithm had a correct classification rate (PPV) of 95%. 

The parameters chosen based on the 150 image training set were then used to evaluate the 

ten volumetric datasets. The average image analysis time was approximately 500 msec 

per image. The algorithm-determined percent cellular coverage for each of the ten 

analyzed blood vessel mimics are displayed in Table C-1, along with the average 

 

Figure C-6. Two OCT images taken from the same approximate location in a stented 

mimic at 3 and 14- days post deployment.  
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observer-determined percent cellular coverage and the BBI score. A graphical 

comparison between the observational and algorithm percent cellular coverage 

measurements is shown in Figure C-7. On average, the algorithm predicted a 1.6% 

greater cellular coverage compared to the observer measurements. The largest difference 

between the algorithm and average observer measurements was 8.1%. 

 

Table C-1. The results from the strut analysis algorithm.  

  
Number of 

Images 
Algorithm 

Results (%) 

Average 
Observer 

Results (%) 

BBI 
Score  

ID # 

  

1 137 5.5 4.7  2.50 

2 166 12.1 8.2  2.25 

3 108 16.4 10.4  2.63 

4 181 21.7 23.0  3.00 

5 172 34.8 38.9  3.75 

6 133 37.7 35.4  ---- 

7 146 38.3 38.9  3.63 

8 174 72.2 70.0  3.67 

9 139 75.3 67.2  ---- 

10 149 75.7 76.9  4.38 
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Figure C-8 shows a mapping of the strut surface for a bare metal (top) and protein 

modified (bottom) stent in two blood vessel mimics developed at the lower flow rate. 

These images were created by first unfolding the tubular volumetric data set such that 

rotation 0° is at the top of the image and rotation 358.2° is at the bottom, then flattening 

the volume by assigning each a-scan a color: black = no strut, red = uncovered strut, 

green = covered strut as determined by the automated algorithm.  

 

Figure C-7. Comparison between percent cellular coverage determined by observers 

and the algorithm. 
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6. Discussion 

OCT clearly visualized the temporal response of the BVM to a deployed stent, as 

illustrated in Figure C-6. On average, the thickness of the cellular lining increased with 

time after stenting and the lining became more hyperintense. The increase in intensity 

may result from a greater concentration of scatterers located within the cellular lining. 

Previous research has shown that scattering in tissue occurs due to intracellular organelles 

(e.g. mitchondria, nuclei) rather than the size and shape of the overall cells.
25

 Increases in 

the concentration of nuclei and mitochondria may be increasing the backscattered 

intensity of the lining. Further time-serial studies examining OCT images and 

corresponding histological sections are required to definitively explain this increase in 

lining intensity. 

 

Figure C-8. Stent maps for two different blood vessel mimics showing the locations 

of covered (green) and uncovered (red) struts.  
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The strut identification algorithms provided excellent sensitivity, specificity, and PPV 

(93%, 99%, and 95%, respectively). The cellular coverage algorithm provided excellent 

PPV (95%) but only moderate sensitivity (81%). The results of the cellular coverage 

algorithm could be modulated by the choice of the cell coverage parameter. For example, 

the cell coverage parameter could be chosen such that it (1) balanced sensitivity and 

specificity, (2) balanced sensitivity and percent correct classification, or (3) produced the 

greatest distance from the no discrimination line in the receiver operator characteristic 

curve. Using the 150 image dataset, we chose to balance the tradeoff between sensitivity 

and percent correct classification for the cell coverage parameter. As shown in Figure C-

9, the upper limit on percent correct classification was approximately 93%. A cell 

coverage parameter of 9 pixels was selected since it maintained this high percent correct 

classification with a large sensitivity. The point corresponding to this chosen parameter is 

indicated with a square in a plot of sensitivity versus percent correct classification shown 

in Figure C-9.  
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A cell coverage parameter of 9 implies the minimum lining thickness of a covered strut 

identified by the algorithm was 30µm. Although the measured resolution of the OCT 

system was 10µm, bright reflections from the metallic strut occasionally saturated the 

detection electronics resulting in a broadened axial point spread function. This limited the 

ability for both the observers and the algorithm to resolve linings less than 30 µm thick. 

Several methods could be implemented to improve the minimum detectable lining. First, 

 

Figure C-9. Performance of cell coverage algorithm based on range of parameters. 

(A) The receiver operator characteristic curve. The dotted line represents the line of 

no discrimination. A cell coverage parameter of 6, indicated by the diamond, would 

provide the greatest distance from the line of no discrimination. (B) A plot of the 

percent correct classification versus sensitivity. A cell coverage parameter of 9, 

indicated by the square box, was selected because it provided a high correct 

classification rate with an appropriate sensitivity. 
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the polarization state of the incident light could be optimized to reduce the specular 

reflections associated with these metal surfaces. Second, an endoscope could be designed 

to image the struts at a shallower angle of incidence. Either design would need to 

carefully balance saturation prevention with the need to maintain a strong reflection in 

order to identify the strut. A third method to reduce the minimum detectable lining 

thickness could involve the simultaneous acquisition of multiple images with different 

gains. These images could be combined to form a high dynamic range image with no 

saturation, similar to the high dynamic range techniques used with conventional 

photography.
26

 

Excellent agreement for percent cellular coverage was found between the algorithm and 

the three observers for the 10 volumetric datasets. The algorithm result was within one 

standard deviation of the coverages measured by the three observers for all BVMs except 

BVM #3 and 9. Nothing was noted to suggest why the algorithm differed from the 

average observational score for these particular mimics.  

With a correlation coefficient of 89%, good agreement was observed between the BBI 

scores and the OCT percent cellular coverages. Low percentages are represented by 

scores in the 2-3 range and higher percentages are in the 3-4 range, with the highest 

percentage of 76% having a BBI score greater than 4. Imperfect correlation between the 

BBI scores and OCT percent cellular coverages may be partially attributed to the 

minimum thickness of tissue detected by OCT. For example, stent struts covered by a 
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confluent lining with thickness less than the 30 m would not be detected by the OCT 

algorithm but would be included in the BBI score. 

In addition to the calculation of percent cellular coverage for an entire mimic, the 

algorithm also provided local coverage information on individual struts. The location and 

coverage status of strut-positive a-scans were recorded by the algorithm and later used to 

develop maps of the stent surface, as shown in Figure C-8. These maps may be useful for 

identifying regions that have not been covered by the cellular lining. A histological 

examination of human cadaver specimens suggested that the middle of drug-eluting 

stents is more likely to lack a neointimal lining than the distal and proximal ends of the 

stent.
4
 These maps may help stent manufacturers identify properties that hinder 

endothelialization. Such properties may be geometric features or deployment 

characteristics of the struts. For example, Finn et al. found the amount of 

endothelialization decreased as separation between stent struts became smaller.
4
  

Although this algorithm calculated percent cell coverage values in excellent agreement 

with the manual observations, several improvements can be made to the algorithm. Better 

strut identification performance could be obtained by taking advantage of the volumetric 

data. A strut identified in one image should be located at approximately the same position 

in the adjacent images of the volumetric dataset. Strut maps are an assessable way to 

check for erroneous strut identifications, since it provides a clear indication of the 

location of the stent struts. Any pixels in this mapping that do not conform to the 

expected strut pattern could be removed from analysis using a combination of median 
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filtering, image erosion and dilation. A discontinuous region of a strut could be identified 

prompting a closer evaluation of that region using higher sensitivity algorithm 

parameters.  

Both bulk percent cellular coverage and local strut coverage information were obtained 

for these stented blood vessel mimics. The software automatically calculates an estimate 

of the lining thickness covering each stent strut. Future versions of the algorithm could 

record and use these thicknesses to form stent maps showing the thickness of the cellular 

lining covering the struts.  

The blood vessel mimic is a simplified model of a native artery. Application of this 

algorithm to ex vivo or in vivo studies of stented arteries may require modifications to the 

algorithm. Beyond the additional medial and adventitial layers, the native artery will have 

more microstructural elements that may complicate the analysis. In atherosclerotic 

plaques, these elements may include calcified regions and lipid pools. Despite these 

differences between mimics and native arteries, the metallic struts will still have the same 

visualization characteristics – a significantly bright reflection, dark shadow, and 

concentrated intensity. The presence of these characteristics suggest the strut 

identification algorithm should perform well despite the additional complexity. The cell 

coverage algorithm depends only on a well-defined lumen and the bright reflection from 

the stent strut. Consequently, the cell coverage algorithms should be relatively insensitive 

to the additional tissue microstructure present beneath the neointima. Future studies will 

be needed to determine the performance of this algorithm in native arteries. 
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7. Conclusion 

The results from this study indicate OCT can provide excellent visualization of the 

temporal response of blood vessel intimal surfaces to deployed stents, and that the 

automatic strut identification and cell coverage algorithms may be valuable tools in 

determining both endothelialization and re-cellularization of stents from volumetric OCT 

datasets. The algorithm provided percent cellular coverage measurements in excellent 

agreement with observational measures. The high sensitivity, specificity, and percent 

correct classification measures suggest these algorithms may be useful for rapid, accurate 

assessments of endothelialization to help guide new stent designs and drug treatments.  
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Strut Analysis Software 

The Dataset Automatic Analysis GUI 

Files: strutAnalysis.m, strutAnalysis.fig, strutAnalysisAlgorithm.m 

A MATLAB Graphical User Interface (GUI) was developed to assist the analysis of 

volumetric data sets. As shown in Figure C-10, the GUI contains textboxes for the three 

required parameters for the automated algorithm – the strut shadow parameter, the strut 

reflection parameter, and the cell lining parameter. The user selects the directory 

containing the OCT volumetric images and the type of image file (*.gif, *.jpg, *.bmp, 

*.tif). The program searches through the directory and creates a list of images files 

matching the selected type. The chosen directory is displayed in the directory textbox. 

Directly beneath this textbox, the number of images in the directory matching the 

selected type is given.  
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When the user clicks the Start button, the program analyzes all the images within that 

directory. If the user wants a percent cellular coverage for a particular mimic, all the files 

corresponding to that mimic should be included in the chosen directory. Additionally, the 

chosen directory should not include any image files other than the ones associated with 

the volumetric dataset of interest. The software collects the parameters from the three text 

boxes. Each image is analyzed with the strutAnalysisAlgorithm.m function for the 

number of covered and uncovered struts. See the description for the 

strutAnalysisAlgorithm.m for more information. A waitbar is displayed to indicate the 

progress of the analysis. Once complete, the program prints the percent cellular coverage 

within the MATLAB command console. 

 

Figure C-10. The MATLAB graphical user interface for the strut analysis program. 

The user can enter the selected parameters and select the directory where the images 

are located.  
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The Observer Dataset Analysis GUI 

Files: strutAnalysisObservation.m, strutAnalysisObservation.fig 

A MATLAB graphical user interface was developed to assist observers evaluating large 

volumetric data-sets to determine percent cellular coverage. The GUI is shown in Figure 

C-11. When the user selects the Select File List button, the algorithm opens an open file 

dialog box where the user is prompted to select a text-file containing the list of files for 

analysis. The list should be randomized as the program selects works sequentially 

through the list of files. Once complete, the program prints the number of image files 

read from the list.  

 

 

 

Figure C-11. The MATLAB graphical user interface used in the manual analysis of 

an observer. The software loads the images provided in the file list and records the 

location and coverage status of the struts based on the mouse clicks by the observer. 
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The program then attempts to open a file with the same name as the list file but with the 

suffix _complete.gtb. This is the file containing all of the files that had been analyzed by 

the user. For example, if the list file was named RandomizedFilesToAnalyze.txt, the 

completed list file would be RandomizedFilesToAnalyze_complete.gtb. If this file doesn‟t 

exist, the program assumes that no previous work has been performed and creates the 

completed list file.  

When the user clicks the Start button, the software displays the next unanalyzed images 

for the observer. As described in the description for strutAnalysisObservation.m, the 

software does this by comparing the total and completed lists of image files. The observer 

can then identify struts with a series of mouse clicks: 

Click outside of rectangles: 

(1) A left click and drag indicates an uncovered strut (red = uncovered, green = 

covered) 

Click inside of rectangles: 

(1) A left click changes the status of the strut (uncovered to covered, covered to 

uncovered) 

(2) A right click deletes the current strut. 

After identifying the struts, the user clicks the Next button. The software saves the 

number of covered and uncovered struts in the completed list file (e.g. 

RandomizedFilesToAnalyze_complete.gtb). The next unanalyzed image listed in 

RandomizedFilesToAnalyze.txt is opened for the observer‟s evaluation.  
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The user has the option of quitting the analysis by clicking the Quit button. The user can 

return to the analysis later as the work was saved in the completed list file (e.g. 

RandomizedFilesToAnalyze_complete.gtb)  

The program is described in more detail under strutAnalysisObservation.m and 

boxClickFunction.m.  

strutAnalysisObservation.m 

This is the Matlab script file associated with the Observer Dataset Analysis GUI.  

When the user clicks the Select File button, an open file dialog opens asking the user to 

pick the text file that contains a list of files to analyze. This text file has a filename on 

each line. The first five lines are shown below as an example: 

VolumeScan_4035_HCM_118.jpg 

VolumeScan_4023_HCM_376.jpg 

VolumeScan_4012_BMS_190.jpg 

VolumeScan_4012_BMS_018.jpg 

VolumeScan_4023_HCM_250.jpg  

 

The program then reads each of these filenames and saves them in a string vector called 

theFiles. The number of images read in the file is then printed to the MATLAB console. 

 
[theFile, thePath] = uigetfile('*.txt','Pick the File List'); 

oldPath = cd; 

cd(thePath); 

addpath(thePath); 

[theFiles] = textread(theFile,'%s%*[^\n]'); 

fprintf(1,'\r'); 

fprintf(1,'%.0f images listed in %s\r', length(theFiles), theFile); 
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The software then attempts to read an accompanying file that lists the previously 

analyzed images. This file has the same name as the list file but has the suffix 

_complete.gtb. If the file does not exist, the software creates the file with no entries. 

Otherwise, the software reads the complete file list and saves the completed images in the 

string vector theCompleteFiles.  

completeFileName = strcat(theFile(1:end-4),'_complete.gtb'); 

fid = fopen(completeFileName,'r'); 

if fid==-1 

    fid = fopen(completeFileName,'a'); 

    fclose(fid); 

end 

[theCompleteFiles] = textread(strcat(theFile(1:end-

4),'_complete.gtb'),'%s%*[^\n]'); 

cd(oldPath); 

 

After clicking the Start button, the Next and Quit buttons are enabled. The software 

determines the next image to analyze based on the completed files and the total list 

provided in the two text files. After determining the file to analyze, the software calls the 

analyzeNextImage subfunction. See the description for the analyzeNextImage 

subfunction for more information. 
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When the user clicks the Next function, the software gets the application data from the 

figure displaying the OCT image. This data is saved in the variable temp1. The positions 

of the covered and uncovered struts are saved in the variables coveredStruts and 

uncoveredStruts, respectively. 

temp1 = guidata(1); 

% Save results from the current figure; 

coveredStruts = temp1.coveredStruts; 

uncoveredStruts = temp1.uncoveredStruts; 

totalNumStruts = length(coveredStruts) + length(uncoveredStruts); 

totalNumCStruts = length(coveredStruts); 

 

The total number of uncovered and covered struts are then saved to the completed file 

list. 

fid = fopen(temp.CompleteFileName,'a'); 

fprintf(fid,'%s\t%.0f\t%.0f\r\n',temp.CurrentImageName,totalNumStruts

, totalNumCStruts); 

fclose(fid); 

 

The next unanalyzed image in the file list is then opened and the analyzeNextImage 

subfunction is called. 

If the Quit button is clicked, the enables the Start and Select File buttons and the Next and 

Quit buttons are disabled. The user can complete the analysis later as all the completed 
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results are stored in the completed file list and the remaining files for analysis are 

included in the original file list. 

Subfunction: analyzeNextImage(handles, filename) 

This subfunction sets the properties in the figure displaying the image. These properties 

are needed to properly record the users clicks that identify the location and coverage 

status of struts in the OCT image. The 

The subfunction first sets some properties in the figure used to display the image. First, 

the boxClickFunction is set as the WindowButtonDownFcn. Whenever the user clicks in 

the figure, MATLAB calls the boxClickFunction. See more information under the 

boxClickFunction description. The double buffer is also set to „on‟. This prevents the 

image from flickering as the user clicks on the positions of struts in the displayed OCT 

image. 

h_imgFig = figure(1); 

set(h_imgFig,'WindowButtonDownFcn',@boxClickFunction); 

set(h_imgFig,'DoubleBuffer','on'); 

 

The subfunction then loads and displays the OCT image given in the input filename using 

a grayscale colormap. At this point, the user provides a series of clicks to identify the 

locations and coverage status of stent struts. The boxClickFunction handles these user 

clicks. 
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Subfunction: boxClickFunction(src, eventData) 

This function handles the clicks on the image provided by the user to identify the position 

and coverage status of struts. It is called everytime the user clicks on the image. 

The function determines the position of the most recent user click. The location of 

covered and uncovered struts are saved in the figure‟s application data. This data is 

assessable using the guidata function and is saved in the variable temp.  

point = get(gca,'CurrentPoint'); 

point1 = point(1,1:2); 

currentRectangle = -1; 

allStruts = [temp.coveredStruts temp.uncoveredStruts]; 

 

Each strut is identified visually using a rectangle. The handles of each rectangle are 

stored in the figure‟s application data under the variable rectH. The software checks to 

see if the point is located within one of these rectangles. If the point is within one of these 

rectangles, the software determines the a-scan of the identified strut (strutAscan).   

if (isfield(temp,'rectH')) 

  for i=1:length(temp.rectH) 

     testRectangle = get(temp.rectH(i),'Position'); 

     if ((point1(1) >= testRectangle(1)) && (point1(1) <= 

testRectangle(1)+testRectangle(3))) 

      if ((point1(2) >= testRectangle(2)) && (point1(2) <= 

testRectangle(2)+testRectangle(4))) 

        strcat('inside rectangle ', num2str(temp.rectH(i))); 
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        insideRectangle = 1; 

        currentRectangle = temp.rectH(i); 

        [junk, strutAscan] = min(abs(allStruts-point1(1)) ); 

        strutAscan = allStruts(strutAscan); 

      end 

     end 

   end 

end 

 

If the user click was within a rectangle , the program then determines whether the click 

was with a right or left mouse button. If the user clicked the left button within the 

rectangle, the software toggles the coverage status of the strut. If the initial rectangle was 

red (indicating uncovered), the software changes this to green and changes the status of 

the strut from uncovered to covered. Conversely, if the initial rectangle was green 

(indicated covered), the software changes this to red and changes the status of the strut 

from covered to uncovered. 

    mouseClick = get(gcf,'SelectionType'); 

    % mouseClick = normal for left button click 

    % mouseClick = alt for right button click 

    % mouseClick = extend for center button click 

    if strcmp(mouseClick, 'normal') 

        edgCol = get(currentRectangle,'EdgeColor'); 

        if edgCol == [1 0 0] 

            edgCol = [0 1 0]; 
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            temp.coveredStruts = [temp.coveredStruts strutAscan]; 

            temp.uncoveredStruts = 

temp.uncoveredStruts(temp.uncoveredStruts~=strutAscan(1)); 

        else 

            edgCol = [1 0 0]; 

            temp.uncoveredStruts = [temp.uncoveredStruts strutAscan]; 

            temp.coveredStruts = 

temp.coveredStruts(temp.coveredStruts~=strutAscan(1)); 

        end 

        set(currentRectangle,'EdgeColor',edgCol); 

    end 

 

If the user clicked the right button within the rectangle, the software deletes the rectangle 

and removes the strut a-scan from the vector containing the covered or uncovered struts 

(temp.uncoveredStruts or temp.coveredStruts). 

If the user click was outside of any defined rectangles, the software interprets this click as 

a new strut. By default, the software defines new struts using left clicks. A red rectangle 

is placed in the position of the user‟s click and the strut a-scan is added to the vector of 

uncovered struts (temp.uncoveredStruts). 

AlgorithmPerformance.m 

This Matlab script file compares the strut identification and cell coverage algorithms to 

the results of three observers.  
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This script reads four text files. The first file titled FilesForAnalysis.txt lists the image 

names sequentially. Each observer‟s data is recorded in a separate text file. For this 

analysis, these files were  GarretsResults.txt, EricasResults.txt, VrushalisResults.txt. 

Within these observer data files, each row corresponds to the image listed in the 

FilesForAnalysis.txt file. A sequence of numbers identifies the observer-defined status of 

each a-scan in the image: a 0 indicates a non-strut a-scan, a 1 indicates an uncovered strut 

a-scan, and a 2 indicates a covered strut a-scan.  

garretResults = load('GarretsResults.txt'); 

ericaResults = load('EricasResults.txt'); 

vruResults = load('VrushalisResults.txt'); 

 

To identify struts in the OCT images, the program looks for the bright reflection, dark 

shadow, and concentrated intensity associated with the metallic struts. The algorithm 

requires two parameters called the strut reflection and strut shadow parameters to locate 

the struts in an image. To determine if the strut is covered with a cellular lining, the 

algorithm requires an additional parameter called the cell coverage parameter.  

The AlgorithmPerformance script defines specific values for the strut identification 

parameters and a range of potential values for the cell coverage parameter.  

strutReflection = 4.0; 

strutShadow = 3.1; 

cellCoverage = [8 9 10 11]; 
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The AlgorithmPerformance script then evaluates all of the images listed in the 

FilesForAnalysis.txt using each cell coverage parameter within the defined range.   

To evaluate images, the AlgorithmPerformance script calls the 

compareManualAndAlgorithm function, which returns the number of strut identification 

and strut coverage true positives, true negatives, false positives, and false negatives. See 

the description for the compareManualAndAlgorithm function for more information. This 

compareManualAndAlgorithm function is called for each of the operators.  

output_garret = output_garret + 

compareManualAndAlgorithm(filenames(i),garretResults(i,:),strutReflec

tion, strutShadow, cellCoverage(g)); 

output_erica = output_erica + 

compareManualAndAlgorithm(filenames(i),ericaResults(i,:),strutReflect

ion, strutShadow, cellCoverage(g)); 

output_vru = output_vru + 

compareManualAndAlgorithm(filenames(i),vruResults(i,:),strutReflectio

n, strutShadow, cellCoverage(g)); 

 

The sensitivity, specificity, and positive predictive value (or percent correct 

classification) of each observer are then calculated based on the total classifications for 

the complete image set. These statistical measures are calculated for each value of the 

cell coverage algorithm.  
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After analyzing the performance of the automated stent analysis algorithm for the cell 

coverage parameters, the individual observer statistical performance measures are 

averaged to provide a final estimate of the statistical performance of the algorithm.  

sensitivity_strut = (Gsensitivity_strut + Esensitivity_strut + 

Vsensitivity_strut)/3; 

specificity_strut = (Gspecificity_strut + Especificity_strut + 

Vspecificity_strut)/3; 

positivePredictiveValue_strut = (GpositivePredictiveValue_strut + 

EpositivePredictiveValue_strut + VpositivePredictiveValue_strut)/3; 

  

sensitivity_cell = (Gsensitivity_cell + Esensitivity_cell + 

Vsensitivity_cell)/3; 

specificity_cell = (Gspecificity_cell + Especificity_cell + 

Vspecificity_cell)/3; 

positivePredictiveValue_cell = (GpositivePredictiveValue_cell + 

EpositivePredictiveValue_cell + VpositivePredictiveValue_cell)/3; 

 

The final outputs of the AlgorithmPerformance script are average strut identification and 

cell coverage sensitivities, specificities, and positive predictive values.  

compareManualAndAlgorithm.m 

function [output] = compareManualAndAlgorithm(filename, ascanVector, 

strutReflection, strutShadow, cellCoverage) 

 

The compareManualAndAlgorithm function evaluates an image (filename) and performs 
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the automatic stent analysis algorithm using the specified algorithm parameters 

(strutReflection, strutShadow, cellCoverage). The results of the automatic stent analysis 

algorithm are compared to the manual results of a particular observer, which is input 

using the ascanVector. The eight element output vector contains the following 

information: 

1. Strut Identification: True Positive 

2. Strut Identification: True Negative 

3. Strut Identification: False Positive 

4. Strut Identification: False Negative 

5. Cell Coverage: True Positive 

6. Cell Coverage: True Negative 

7. Cell Coverage: False Positive 

8. Cell Coverage: False Negative 

The function named strutAnalysisAlgorithm is called and returns the a-scan positions of 

the uncovered and covered struts identified by the automatic algorithm. In addition, the 

strutAnalysisAlgorithm also saves two .mat files. The strutLatWidth.mat file contains the 

width of each algorithm-identified strut. The strutAscans_binary contains a vector of 

zeros and ones where the algorithm identified strut-negative and strut-positive a-scans, 

respectively. 

[uncoveredStrutAscans, coveredStrutAscans] = strutAnalysisAlgorithm 

(char(filename), strutReflection, strutShadow, cellCoverage, [0 0 0 

0]); 
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Each of these algorithm-identified strut locations is compared to the manual results of the 

observer (ascanVector). The ascanVector contains either a zero, one, or two for each a-

scan based on whether the observer identified it as a non-strut a-scan, an uncovered strut 

a-scan, or a covered strut a-scan, respectively.   If the strut locations from the automatic 

stent analysis algorithm correspond to a nonzero observer score (i.e. either a covered or 

uncovered strut), the strut is counted as a strut identification true positive. If the 

algorithm-determined strut location corresponds to a zero user score (i.e. non strut a-

scan), then the strut is counted as a strut identification false positive.  

totalStruts = [uncoveredStrutAscans coveredStrutAscans]; 

for j=1:length(totalStruts) 

    if (ascanVector(totalStruts(j)) ~= 0 ) 

        TruePositive = TruePositive + 1; 

        theTruePositives(TruePositive) = totalStruts(j); 

    else 

        FalsePositive = FalsePositive + 1; 

    end 

end 

 

To determine the number of strut identification false negatives, the boundaries of struts 

are identified from the observer data in the ascanVector variable. If there are no 

algorithm strut-positive a-scans within each of these observer identified regions, a strut 

identification false negative is recorded. 
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for j=1:sizeRegions(1) 

    % if there are no algorithm struts within a user-identified 

region 

    % then the algorithm missed the strut and it is a False Negative. 

    if (isempty(find(totalStruts>regions(j,1) & 

totalStruts<regions(j,2)))) 

        FalseNegative = FalseNegative + 1; 

    end 

end 

 

Due to the lack of a well-defined strut identification true negative, an estimate had to be 

calculated. To determine the number of strut identification true negatives, those a-scans 

that were identified as strut-positive by either the observer or the algorithm were saved 

(combinedScore). The number of a-scans that were not identified by either the algorithm 

or observer were summed and divided by the average strut width (strutLatWidth) to 

estimate the number of strut identification true negatives.  

ascanVector_both = double(ascanVector > 0); 

combinedScore = (strutAscans_binary) | (ascanVector_both); 

numOfTNascans = sum(combinedScore==0); 

TrueNegative = numOfTNascans / mean(strutLatWidth); 

 

The compareManualandAlgorithm function then prints these strut identification true 

positives, true negatives, false positives, and false negatives to the MATLAB command 

console. 
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The number of true positives, true negatives, false positives, and false negatives are 

calculated for the cell coverage algorithm.  The function iterates through the strut 

identification true positives. If the a-scan was identified as uncovered by both the 

algorithm and the observer then it is recorded as a strut coverage true negative. If the 

observer identified it as covered then the strut is recorded as a strut false negative.  

Otherwise, if the a-scan was identified as covered by both observer and algorithm then it 

was recorded as a strut coverage true positive. Those a-scans identified as covered by the 

algorithm but uncovered by the operator were counted as strut coverage false positive. 

for i=1:length(theTruePositives) 

    % If the current strut was identified as uncovered 

    if( sum(double(theTruePositives(i)==uncoveredStrutAscans)) ) 

        if ascanVector(theTruePositives(i)) == 1 

            TN = TN + 1; 

        else 

            FN = FN + 1; 

        end 

    % otherwise it was identified as covered 

    else 

        if ascanVector(theTruePositives(i)) == 1 

            FP = FP + 1; 

        else 

            TP = TP + 1; 

        end 

    end 

end 
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The number of strut coverage true positives, true negatives, false positives, and false 

negatives were printed to the MATLAB command console.  

These statistical categories for both the strut identification and strut coverage were saved 

to the output vector. 

strutAnalysisAlgorithm.m 

function [uncoveredStrutAscans, coveredStrutAscans] = 

strutAnalysisAlgorithm(filename, strutReflection, strutShadow, 

cellCoverage, displayOptions, saveStrutData)  

 

The strut analysis algorithm is a MATLAB function that returns the locations of covered 

and uncovered struts that were identified using a strut reflection (strutReflection), strut 

shadow (strutShadow), and cell coverage (cellCoverage) parameters.  

The function also takes two additional inputs. The displayOptions is a four element 

vector consisting of zeros and ones. Each element of this vector controls whether a 

graphic is displayed during the execution of the function – if the element is 1 the 

corresponding graphic is displayed, if 0 the graphic is not displayed. A summary of these 

graphics is described below: 

displayOptions(1): A figure shows the current OCT image with (a) a red line indicating 

the location of the calculated profile, (b) red dots indicating a-scans dropped from the 

analysis believed to be artifactual a-scans, (c) green dots indicating the location of strut 
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positive a-scans from the strut reflection characteristic, (d) magenta dots indicating the 

location of strut positive a-scans from the strut shadow characteristic, (e) white dots 

indicating the location of strut positive a-scans from the strut width characteristic, (f) blue 

squares indicate the locations of covered struts identified by the program, (g) yellow 

squares indicate the locations of uncovered struts identified by the program. 

A second plot shows the strut reflection metric with the threshold based on the 

strutReflection input variable. 

A third plot shows the strut shadow metric with the threshold based on the strutShadow 

input variable. 

A fourth plot shows the strut width metric with the threshold based on the struts from the 

strut reflection metric. 

displayOptions(2): A figure shows the current OCT image with (1) a red line indicating 

the location of the calculated profile, (2) green squares indicating the location  of covered 

struts, and (3) red squares indicating the location of uncovered struts. 

displayOptions(3): A figure is displayed showing the OCT image and magenta dots 

indicating the BVM profile near adjacent ascans and red  dots indicating the depth of the 

strut reflection. This plot indicates the process used to determine if a strut is covered. 

displayOptions(4): A figure is displayed showing the OCT image. Two while lines are 

plotted on adjacent sides of the strut positive a-scans indicating the location of the BVM 
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profile. White dots are plotted at the location of the strut reflections. This figure was 

developed for a publication image. 

The saveStrutData is a variable that is set to zero or one. If the saveStrutData is 1, a 

vector of the algorithm-determined strut widths is saved to a strutLatWidth.mat. 

Additionally, another file called strutAscans_binary.mat is saved containing a vector of 

0‟s and 1‟s with a length equal to the number of a-scans in the image. A zero indicated a 

strut-negative a-scan and a one indicated a strut-positive a-scan. This option was used in 

the AlgorithmPerformance script and compareManualAndAlgorithm function to 

determine the statistical measures of the automated algorithm. 

The image provided by the function input filename is read. Since the image files were 

either RGB bitmaps or jpegs, theOCTimage is converted to a 2-dimensional intensity 

image by using the red channel of the original. Additionally, the image is converted to a 

double array needed for the future analysis.  

theOCTimage = imread(filename); 

theOCTimage = theOCTimage(:,:,1); 

theOCTimage = double(theOCTimage); 

theOCTimage_orig = theOCTimage; 

sizeImage = size(theOCTimage); 

 

The luminal mimic surface is located using the luminalProfile function. The OCT image 

matrix and a smoothing parameter are entered into this function, which returns a vector 
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containing the depth of the mimic profile for each a-scan in the image as well as a vector 

of artifactual a-scans. See luminalProfile.m function for more information. 

[bvmProfile, ascansToDrop] = luminalProfile(theOCTimage,30); 

 

If the BVM is below the image window, this usually results in a BVM profile located at 

the top of the image. Profiles that have a median value less than five are associated with 

these particular images. The uncoveredStrutAscans and coveredStrutAscans are set as 

empty vectors and the function returns in this case. 

if median(bvmProfile) < 5 

    uncoveredStrutAscans = []; 

    coveredStrutAscans = []; 

    return; 

end 

 

An optional function is included to locate artifactual a-scans associated with the plastic 

connectors that hold the mimic in place within the BVM chamber. Artifactual a-scans 

located with this function are added to the ascansToDrop vector. 

plasticAscans = removePlastic(bvmProfile,50); 

ascansToDrop = [ascansToDrop plasticAscans]; 

 

The next step is to use the mimic profile and OCT image to determine the locations of the 

stent struts. To do this, the algorithm calls three subfunctions for each metric. Each of 
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these functions returns the a-scan numbers of strut-positive a-scans. See 

strutReflectionMetric, strutShadowMetric, and strutWidthMetric for more information. 

reflectionStruts = strutReflectionMetric(theOCTimage, bvmProfile, 

strutReflection); 

shadowStruts = strutShadowMetric(theOCTimage, bvmProfile, 

strutShadow, ascansToDrop); 

widthStruts = strutWidthMetric(theOCTimage, reflectionStruts, 

shadowStruts, ascansToDrop); 

 

The artifactual a-scans are removed from these metrics using the ascanRemoval 

subfunction. See ascanRemoval subfunction description for more information. 

The three vectors of the three metrics (strut reflection, strut shadow, strut width) are 

combined into one vector called strutAsans. This strutAscans vector is eroded by [1 1 1] 

structuring element to eliminate individual strut-positive a-scans that are not part of a 

group larger than 3 adjacent strut-positive a-scans. Since this erosion also removed valid 

strut-positive a-scans, an imdilate with the same structuring element was performed to 

undo the erosion to the valid strut-positive a-scans.  

strutAscans = imerode(strutAscans, [1 1 1]); 

strutAscans = imdilate(strutAscans, [1 1 1]); 

 

If the saveStrutData input variable was set to 1, the algorithm calculates the strut widths. 

A vector of these strut widths is saved in the strutLatWidth.mat file.  A vector of strut-

positive locations is saved to strutAscans_binary.mat.  
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The algorithms provided the a-scan numbers of strut-positive a-scans. A subfunction 

called strutConsolidation evaluates the vector of strut-positive a-scans for gaps greater 

than a neighborhood of 4 pixels. This function returns a vector where each element is the 

average a-scan of each identified strut. To make this average a-scan an integer, this vector 

is rounded to the nearest integer.  

strutAscans = strutConsolidation(strutAscans, 4); 

strutAscans = round(strutAscans); 

 

The strutAnalysisAlgorithm calls another subfunction called cellLiningDetect2. This 

function determines whether the struts provided in strutAscans are covered with cellular 

material. It returns coveredStrutAscans and uncoveredStrutAscans, which are the final 

outputs of the strutAnalysisAlgorithm. 

Subfunction: luminalProfile 

function [bvmProfile, shadows] = luminalProfile(imageData, 

smoothParameter) 

 

This function calculates the luminal profile of the OCT image (imageData). A smoothing 

parameter (smoothParameter) is also input to smooth the luminal profile prior to being 

returned by the function. 

The maximum pixel intensity is determined in each a-scan.  Half of this maximum pixel 

intensity is set as a threshold for the algorithm. The most luminal pixel that exceeded this 
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threshold intensity was recorded. This provided an initial estimate for the profile and was 

smoothed with a custom median filter. 

peaksIntensities = max(imageData,[],1); 

threshIntensities = 0.50*peaksIntensities; 

for i=1:sizeImage(2) 

    temp = find(imageData(:,i) >= threshIntensities(i)); 

    bvmProfile(i) = temp(1); 

end 

bvmProfile = 

smooth(bvmProfile,'median',2*floor(round(sizeImage(2)*.05)/2)); 

 

This gave a profile within the mimic. To optimize further, a window was defined as 10% 

of the height of the image above the previously identified profile. Any pixels in this 

region that exceeded 35% of the maximum a-scan pixel intensity was recorded as the 

location of the mimic profile.  

bvmStart = bvmProfile - round(sizeImage(1)*0.1); 

bvmStart(bvmStart<1) = 1; 

for i=1:sizeImage(2) 

    temp = find(imageData(bvmStart(i):end,i) > 

0.35*peaksIntensities(i)); 

    if isempty(temp) && i~=1 

        bvmProfile(i) = bvmProfile(i-1); 

    elseif isempty(temp) && i ==1 

        bvmProfile(i) = 0; 

    else 
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        bvmProfile(i) = temp(1) + bvmStart(i); 

    end 

end 

 

The last step performs a median smoothing based on the input smoothParameter. For 

more information, see the description on the smooth function. 

Subfunction: strutReflectionMetric 

function strutAscans = strutReflectionMetric(theOCTimage, bvmProfile, 

standardDevs) 

 

This subfunction evaluates the OCT image (theOCTimage) and uses the mimic profile 

(bvmProfile) and strutReflection metric (standardDevs) to determine the strut-positive a-

scans (strutAscans). 

The image is median filtered with a 3x3 kernel. A 15-pixel deep region is defined with its 

luminal surface coinciding with the mimic profile (luminalStrip). The average and 

standard deviation of the pixel intensities are calculated for the luminalStrip region.  

If the peak a-scan intensity exceeds the mean intensity of the luminalStrip plus a number 

of standard deviations (standardDevs), then the a-scan is labeled as strut-positive.  

maxImage = max(octImageMedFlt,[],1); 

strutAscans = find(maxImage > meanLuminalStrip + 

standardDevs*stdLuminalStrip); 

 

The subfunction returns all of the strut-positive a-scans in the vector strutAscans.  
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Subfunction: strutShadowMetric 

function strutAscans = strutShadowMetric(imageData, bvmProfile, 

sensitivity, neglectAscans) 

 

The strutShadowMetric subfunction evaluates the OCT image (imageData) using the 

calculated mimic luminal profile (bvmProfile) and determines strut-positive a-scans using 

the a sensitivity level (sensitivity). The neglectAscans is a vector of a-scans that the 

strutShadowMetric ignores during its analysis. The strut-positive a-scans are returned in a 

vector called strutAscans.  

Histogram equalization is performed on the OCT image to increase the contrast between 

the strut shadows and adjacent mimic areas. The location of the peak intensity in each a-

scan is determined. This is used to locate the position of the stent strut. To starting 

position (startPos) of the shadow is calculated as the profile location plus twice the 

difference between the luminal profile and peak intensity location.  

The median of the 50 pixels beneath this starting position is calculated. This median 

intensity for each a-scan forms the strut shadow metric (metric2).  This metric is 

smoothed with a running median filter with a kernel of 11. The subfunction calculates the 

strut-positive a-scans by identifying those a-scans that have strut shadows less than the 

mean minus a number of standard deviations (sensitivity). These strut-positive a-scans are 

returned in the variable strutAscans.  
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Subfunction: strutWidthMetric 

function strutAscans = strutWidthMetric(imageData, 

luminalIntensityStruts, medianStruts, ascansToDrop) 

 

The strutWidthMetric subfunction evaluates the OCT image (imageData) for the 

concentrated image of the strut reflections. The luminalIntesityStruts is a vector 

containing the locations of the struts from the strut reflection metric. The medianStruts is 

a vector containing the locations of the struts from the strut shadow metric.  The 

subfunction also uses a vector containing the location of the artifactual a-scans 

(ascansToDrop).  

The full-width-half-max of each a-scan is calculated. This vector of FWHM values 

(fwhm) is smoothed using a median smoothing filter with a kernel size of 11.  

for gbt = 1:length(thrImage) 

 fwhm(gbt) = sum(double(imageData(:,gbt)>thrImage(gbt))); 

end 

fwhm = smooth(fwhm,'median',10); 

 

A threshold (theThreshold) is set based on the average FWHM of struts identified by the 

strut reflection metric. If there are no struts from the strut reflection metric, the threshold 

is based on the average FWHM of struts identified by the strut shadow metric. If no struts 

are identified, the subfunction returns an empty array. 
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Those a-scans with widths that are less than the threshold are recorded (strutAscans_pre). 

Those a-scans that have not been recorded as strut reflection a-scans or as artifactual a-

scans are recorded in the strutAscans vector. 

strutAscans_pre = find(fwhm<theThreshold); 

cnt = 1; 

for i=1:length(strutAscans_pre) 

    if sum(double((strutAscans_pre(i) == luminalIntensityStruts)))==0 

         if sum(double(strutAscans_pre(i) == ascansToDrop)) == 0 

            strutAscans(cnt) = strutAscans_pre(i); 

            cnt = cnt+1; 

         end 

    end 

end 

 

Subfunction: ascanRemoval 

function newMetric = ascanRemoval(metric, ascansToRemove, buffer) 

 

The function ascanRemoval finds numbers in the metric that are outside the 

neighborhood of the a-scans stored in the vector ascansToRemove. Those metric values 

not within a certain number of pixels (buffer) of the ascansToRemove are recorded as the 

newMetric. 

Subfunction: strutConsolidation 

function newStrutAscans = strutConsolidation(strutAscans, 

neighborhood) 
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The strutConsolidation function takes all of the strut-positive a-scans and determines the 

central (average) a-scan for each strut. To determine the boundaries of each strut, the 

subfunction looks for large differences between adjacent a-scans in the input vector 

strutAscans.  

It takes a vector of a-scans (strutAscans) and an integer called the neighborhood. This 

subfunction finds where adjacent a-scans are separated by more than the input integer, 

neighborhood, and stores these locations in the variable separation – that is,  the a-scan 

boundaries of each strut. The average a-scan between each of the boundaries in 

separation is calculated in stored in the output variable newStrutAscans.  

 

3D Thickness Maps 

Software was written to use modify the 3D data into a perspective view looking down the 

center of the mimic. The stent-strut locations were identified and color-coded to indicate 

the amount of cellular material above the stent strut. This process consists of multiple 

MATLAB script files. The operation order of these script files is strutMapping > 

create3dSet > colorizeAndRadialize > shrinkImages > putColorImagesTogether. 

strutMapping.m 

All the volumetric OCT images with a specific naming convention are loaded from a 

given directory. In these maps, a 2D representation is created of a 3D object. The depth 

information is flattened for this representation. Three variables are created to store the 
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three maps: (1) location of struts, (2) thickness of cell coverage, and (3) depths of the 

struts. 

strutMap = zeros(800,length(filenames)); 

thicknessMap = zeros(800,length(filenames)); 

depthMap = zeros(800,length(filenames)); 

The strutAnalysisAlgorithm is performed on each image to determine the locations of the 

strut-positive a-scans and their coverage status. The vector strutAscans_binary indicates 

whether an a-scan is strut-positive (1) or strut-negative (0). Since the strutAscans_binary 

does not indicate whether the strut is covered or not, a for loop is used to determine the 

coverage status of each strut-positive a-scan based on its proximity to the strut locations 

reported by the strutAnalysisAlgorithm. Recall that the strutAnalysisAlgorithm only 

reports the central a-scan number for a cluster of strut-positive a-scans. If the current 

strut-positive a-scan is closer to a covered strut location, then its status is set to 2, the 

thickness is set to the calculated thickness for the covered strut location, and the depth is 

set to the depth calculated in the strutAnalysisAlgorithm. The ascan status is set to 1 and 

the depth is recorded if the strut-positive a-scan is closer to an uncovered strut location. 

        if cov<unc 

            ascanStatus(strutPositive_ascans(j)) = 2; 

            ascanThickness(strutPositive_ascans(j)) = 

coveredStrutLiningThickness(loc); 

            ascanDepth(strutPositive_ascans(j)) = 

theStrutDepthsCovered(loc); 

        else 



 

 

 

244 

 

            ascanStatus(strutPositive_ascans(j)) = 1; 

            ascanDepth(strutPositive_ascans(j)) = 

theStrutDepthsUncovered(loc2); 

        end 

 

The remaining code produces three figures. The first figure shows the location and 

coverage status of the struts. Uncovered struts are red and covered struts are green. The 

second figure shows a color-coded map indicating the thickness of the cellular lining 

using the hot colormap. Uncovered struts are given a gray color. The final figure 

illustrates the depth of the strut in each image using another colormap. This mapping of 

strut depths was used in later analyses to remove some endoscope movement artifacts in 

the OCT volumetric dataset. Examples of these three images are shown in Figure C-12. 

 

The last lines of the StrutMapping script save the depth and thickness maps to 

depthMap.mat and strutMapThickness_bmp.mat, respectively. 

 

Figure C-12. The three figures produced by the strutMapping.m: binary plot, coverage 

thickness plot, and strut depth with respect to endoscope window. 
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save depthMap depthMap 

save strutMapThickness_bmp strutMapThickness_bmp 

 

create3dSet.m 

This is a MATLAB script file that opens a volumetric set of images and saves them into a 

3D matrix called hugeData.mat. The script looks in one directory for filenames that have 

a defined naming convention. In the following code, MATLAB will include all images in 

the given directory that have files that start with VolumeScan4005 and end with .jpg.  

cd('C:\Users\Garret\Documents\My Research\Software Tools\Semi 

Automated Strut ID\4005') 

files = dir('VolumeScan4005*.jpg'); 

The create3dSet also assumes a size of the volumetric data. This script was used to 

evaluate a set of 400 images that were 800 (length) x 625 (depth) pixels.  

bigData = uint8(zeros(625,800,400)); 

Next, the create3dSet loads each image and converts each 800x625x3 (RGB) image to an 

intensity image (800x625). It then stores this data in the 3D bigData matrix. After loading 

each image, the bigData matrix is saved as hugeData.mat for future analysis. 

h = waitbar(0,'Please wait...'); 

for i=1:length(filenames) 

    waitbar(i/length(filenames),h); 

    imgFile = imread(char(filenames(i))); 

    imgFile = (imgFile(:,:,1)); 

    si = size(imgFile); 
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    bigData(:,:,i) = imgFile; 

end 

close(h); 

save hugeData bigData 

 

colorizeAndRadialize.m 

The colorizeAndRadialize.m script file performs several functions: (1) Color is added to 

OCT images based on the strut thickness map from the strutMapping.m script, (2) uses 

the luminal profile algorithm to calculate height differences between the mimic surface in 

the 1
st
 image as the last image (i.e. 0 and 359.1°), (3) shifts all images up or down such 

that the surfaces in the 0 and 359.1° are at the same height, (4) morphs the image in polar 

form, and (5) saves the radial cross-sectional image. 

The colorizeAndRadialize.m script iterates through one dimension of the 3D dataset 

stored in the hugeData.mat (created from create3dSet.m). The matrix firstImage contains 

the data in each circumferential cross-section. However, this data is in rectilinear format. 

The profile is calculated using the function luminalProfile. The height of the profile in 

the first and last columns of the image are determined. A line is fitted to the profile using 

these two height locations using MATLAB‟s interp1 function. 

    firstImage = bigData(:,i,:); 

    firstImage = squeeze(firstImage); 

    firstImage = double(firstImage); 

    sFI = size(firstImage); 
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    [profile, shad] = luminalProfile(firstImage,30);     

    depthsEnd = [mean(profile(1:3)) mean(profile(end-2:end))]; 

    depths = interp1([1 sFI(2)],depthsEnd,1:sFI(2)); 

 

The values from the firstImage are loaded into the a nxmx3 matrix for the future color 

image. The raw OCT data is inserted into each R, G, and B channel to create a grayscale 

image.  

    colorImage(:,:,1) = firstImage; 

    colorImage(:,:,2) = firstImage; 

    colorImage(:,:,3) = firstImage; 

 

The depths of these struts is accessed from the depthMap.mat file created from the 

StrutMapping.m. Each row of that map gives the heights of the struts in the 

circumferential cross-section. These heights are converted to pixels. The next step is to 

determine the depth of cell coverage from the strutMapThickness_bmp.mat file from the 

StrutMapping script. Recall that if pixels in this file had a gray color with RGB = [0.2 0.2 

0.2], the strut was uncovered. Otherwise, the strut color was set based on the hot 

colormap.  A rectangular region just below each strut was colored to indicate the 

coverage status of the strut. A navy blue (RGB=[0 0 0.9]) was used to indicate uncovered 

struts. Covered struts were colored based on the colormap used in the 

strutMapThickness_bmp.mat file.  
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if (strutMapThickness_bmp(i,j,1) == 0.2) & 

(strutMapThickness_bmp(i,j,2) == 0.2) & (strutMapThickness_bmp(i,j,3) 

== 0.2) 

  colorImage(theDepth:theDepth+40,j,1) = 0; 

  colorImage(theDepth:theDepth+40,j,2) = 0; 

  colorImage(theDepth:theDepth+40,j,3) = .9; 

else 

  colorImage(theDepth:theDepth+40,j,1) = 

strutMapThickness_bmp(i,j,1); 

  colorImage(theDepth:theDepth+40,j,2) = 

strutMapThickness_bmp(i,j,2); 

  colorImage(theDepth:theDepth+40,j,3) = 

strutMapThickness_bmp(i,j,3); 

end 

 

After coloring the OCT images based on the thickness of cell coverage, the columns are 

shifted to bring the first and last column into register. The shift was defined as the depth 

at the center column, depths(200).  

    shift = depths - depths(200); 

    shift = round(shift); 

    for j=1:sFI(2) 

        if shift(j)<0 

            col1 = [zeros(abs(shift(j)),1);  firstImage(:,j,1)]; 

            col2 = [zeros(abs(shift(j)),1);  firstImage(:,j,2)]; 

            col3 = [zeros(abs(shift(j)),1);  firstImage(:,j,3)]; 
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        elseif shift(j)>0 

            col1 = [firstImage(1+abs(shift(j)):end,j,1); 

zeros(abs(shift(j)),1)]; 

            col2 = [firstImage(1+abs(shift(j)):end,j,2); 

zeros(abs(shift(j)),1)]; 

            col3 = [firstImage(1+abs(shift(j)):end,j,3); 

zeros(abs(shift(j)),1)]; 

        else 

            col1 = firstImage(:,j,1); 

            col2 = firstImage(:,j,2); 

            col3 = firstImage(:,j,3); 

        end 

        nextImage(:,j,1) = col1(1:sFI(1)); 

        nextImage(:,j,2) = col2(1:sFI(1)); 

        nextImage(:,j,3) = col3(1:sFI(1)); 

    end 

    firstImage = nextImage; 

 

After shifting the columns, the next step is to transform the 2D rectilinear image into 

polar format. This was performed using MATLAB‟s interp2 function. The image was 

then saved with a custom filename. For example, the 120
th

 circumferential cross-sectional 

images was named colorImages120.jpg. 

    rho = linspace(0.5,2.5,625); 

    theta = linspace(0,2*pi,400); 

    % vectors 

    x = linspace(-2.5,2.5,500); 
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    y = linspace(-2.5,2.5,500); 

    x = repmat(x,length(y),1); 

    y = repmat(y',1,length(x)); 

    r2 = sqrt(x.^2 + y.^2); 

    t2 = atan2(y,x) + pi; 

    theImage(:,:,1) = interp2(theta, rho, firstImage(:,:,1), t2, r2); 

    theImage(:,:,2) = interp2(theta, rho, firstImage(:,:,2), t2, r2); 

    theImage(:,:,3) = interp2(theta, rho, firstImage(:,:,3), t2, r2); 

    theImage(isnan(theImage))=0; 

    theImage = theImage ./ max(theImage(:)); 

    imwrite(theImage,strcat('colorImages',num2str(i),'.jpg'),'jpeg'); 

 

shrinkImages.m 

This MATLAB script opens all the files within a directory and scales them based on the 

filename. The scaling factor is unique for each image. The first image has a scaling factor 

of 1 and the final image has a scaling factor of 0.1.  

scalingFactor = linspace(1,0.1,length(filenames)); 

 

Each image is transformed with both scales and shift using MATLAB‟s maketform and 

imtransform function.  

    sf = scalingFactor(i); 

    A = [sf 0 0; 0 sf 0; sf*300/2 sf*300/2 1]; 

    tform = maketform('affine',A); 
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    nextImage = imtransform(theImage,tform,'FillValues',0); 

 

The images is then saved with a custom filename. For example, the 13
th

 image is saved as 

shrinking010Images13.jpg. 

    

imwrite(nextImage,strcat('shrinking010Images',num2str(i),'.jpg'),'jpe

g'); 

 

shrinkAndShift.m 

This MATLAB script performs the same operations as the shrinkImages.m script except 

that images are shifted from their central position. This shift increases the deeper you go. 

The resulting pictures give the appearance of looking down the mimic slightly off angle. 

putColorImagesTogether.m 

This script file takes the images and flattens them into one image that shows the stent 

with the perspective of looking down the lumen of the mimic. The images are opened and 

sorted according to when they were created. This sort occurs because an image number 

13 will be alphabetically placed between images 129 and 130. 

The posit variable selects the images to flatten. For example, the following will work 

with the first 5 images.  

posit = 1:5; 
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The images are then arranged in a stack that has 4 dimensions – the first three are for the 

RGB image and the fourth dimension is used to access each image. 

theStack(:,:,:,i) = theImage; 

The maximum value in the stack along that 4
th

 dimension is calculated to determine the 

final flattened image. The result is saved as allImages.jpg.  

finalImage = max(theStack,[],4); 

rfi = finalImage(:,:,1); 

gfi = finalImage(:,:,2); 

bfi = finalImage(:,:,3); 

finalImage(:,:,1) = rfi./max(rfi(:)); 

finalImage(:,:,2) = gfi./max(gfi(:)); 

finalImage(:,:,3) = bfi./max(bfi(:)); 

imwrite(finalImage,'allImages.jpg','jpeg'); 

 

 

 


