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Abstract of the Dissertation 

Cystoscopic Optical Coherence Tomography and Ultrahigh Resolution 

Optical Doppler Tomography for Quantitative Structural and 

Functional Imaging 

by 

Hugang Ren 

Doctor of Philosophy 

in 

Biomedical Engineering 

Stony Brook University 

2012 

This dissertation presents the design, development as well as preclinical and 

clinical validations of a cystoscopic optical coherence tomography (OCT) system and an 

ultrahigh resolution optical Doppler tomography (ODT) system for quantitative structural 

and functional imaging. The core of this dissertation can be divided into three sections. 

In the first section of the dissertation, which includes Chapter 3-Chapter 4, we 

validated the design and development of cystoscopic OCT (COCT) for bladder cancer 

diagnosis in vivo. To break the penetration depth barrier of the light, endoscopic imaging 

via fiber-optic technique has been developed. In this dissertation, we focused on bladder 

cancer diagnosis and management. A microelectromechanical systems (MEMS) mirror 
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based front view COCT system was developed, optimized and validated in the operating 

room. The touch-and-see feature enables user friendly OCT examinations. Based on 220 

cases, MEMS mirror based COCT provided a sensitivity of 92.4% and a specificity of 

85.2% for clinical bladder cancer diagnosis. To further enhance early bladder cancer 

diagnosis in the outpatient, we proposed, designed and developed a hybrid flexible 

cystoscopic OCT (FCOCT) system. The miniature size (i.e., <2mm) enables smooth 

integration of the probe into the commercial cystoscopes used in the outpatient 

examinations. Since the probe is flexible, for those lesions located close to the bladder 

neck, full access can be achieved by articulating the tip of the cystoscope. Moreover, with 

a field of view of >8mm, FCOCT allows in vivo tumor boundary delineation and guided 

tumor resection. 

In the second section of the dissertation, including Chapter 5-Chapter 7, 

quantitative image analysis based computer aided diagnosis (CAD) approach was 

demonstrated. Conventional OCT diagnosis was based on descriptive and qualitative 

features. To provide quantitative and objective diagnosis, we developed a CAD approach 

based on enface image analysis of the increased urothelial heterogeneity induced by 

carcinogenesis. To overcome the limitation of small field of view, we designed a 

comparative study to evaluate the utilities and potential limitations of current optical 

imaging techniques for early bladder cancer diagnosis. The results of this study 

demonstrated the potential of narrow band imaging (NBI)-guided cystoscopic OCT to 

effectively enhance the efficacy and efficiency of current cystoscopic procedure in the 

diagnosis of bladder cancer. At the same time, we showed that high resolution OCT with 
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3D image segmentation and analysis enabled delineation of morphological details of the 

human fetal membrane and early detection of microscopic chronic pseudocysts. 

In the last section of the dissertation, from Chapter 8 to Chapter 11, we designed, 

developed and validated the ultrahigh resolution optical Doppler tomography (µODT) 

system for brain functional imaging. Functional imaging has been achieved with Doppler 

OCT by probing the blood flow information. To enable microvascular imaging, we 

developed an ultrahigh resolution ODT system with ~1.8µm axial resolution and 

<10µm/s sensitivity. Moreover, we proposed a frequency binning algorithm to increase 

the dynamic range ~20 times to enable both slow capillary flow and fast branch flow 

imaging. By taking advantages of the Doppler effect, we demonstrated a label free 

method to separate veins from arteries at large field of view. The performance of the 

µODT system was validated with an acute cocaine challenge model, and cocaine elicited 

micro ischemia was observed 45 minutes after cocaine administration, which was 

exacerbated with repeated administration. To decode the mystery of Doppler effect on 

capillary flow, we proposed a new method termed particle counting ultrahigh resolution 

ODT (pc-µODT), which enables label free accurate red blood cell (RBC) velocity 

measurement based on the transient phase information. To investigate the contrast 

differences between ODT and optical coherence angiography (OCA), we performed both 

phantom and in vivo animal studies and discovered that the high contrast of OCA was 

partially due to the enhancement from the Brownian motion of the red and white blood 

cells. With the in depth understanding of the Doppler technique from previous studies, 

we further improved the performance of the ODT system by employing optimized optical 
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design, newly developed contrast agent (e.g., intralipid for flow enhancement) and smart 

scanning protocol. With the enhanced ODT system, the chronic cocaine effect on the 

cerebral blood flow was investigated based on a rodent model. 
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Chapter 1 Background and Introduction 

Noninvasive imaging techniques such as computed tomography (CT), magnetic 

resonant imaging (MRI), positron emission tomography (PET), ultrasound (US), confocal 

microscopy (CM) and multiphoton microscopy (MPM) have been intensively studied and 

widely applied to visualize the structure and functions of  the living biological samples. 

Among which, macroscopic imaging modalities including CT, MRI, PET and US provide 

a typical penetration depth over several centimeters and can be used for whole organ or 

even whole body imaging. However, their spatial resolutions are usually limited to 

several hundreds of micros
1
. On the other hand, microscopic techniques such as CM and 

MPM allow micro resolution sub-cellular imaging, their penetration depths are limited to 

several hundreds of micros
2
. Therefore, there is an imaging gap at tissue level with high 

resolution at intermediate depth. 

Optical coherence tomography (OCT) is an emerging technique enabling 3D 

noninvasive imaging of living biological tissue at mesoscopic level (e.g., 1~10um 

resolution, 1~3mm depth). Since the first biomedical demonstration of OCT in the early 

1990s
3
, the recent decades have witnessed a rapid development of various OCT based 

techniques, such as Fourier domain OCT for high sensitivity real time imaging
4-6

, 

endoscopic OCT for cancer diagnosis
7
, polarization sensitive OCT for birefringence 

detection
8
, angiographic OCT for vasculature visualization

9
 and Doppler OCT for 
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functional imaging
10-12

. The aforementioned technological advances have promoted the 

wide clinical adoption of OCT in ophthalmology
13

, and further ongoing clinical 

evaluations in intravascular imaging
14

, dental imaging
15

, dermatology
16

 and cancer 

diagnosis
17

.  

Among all these technological advances, here we focus on development of two 

aspects of OCT technologies: 1) endoscopic OCT, in particular, cystoscopic OCT for 

quantitative early bladder cancer diagnosis; 2) Doppler OCT for quantitative capillary 

blood flow imaging, namely, ultrahigh resolution optical Doppler tomography for 

functional imaging. By combining these two techniques, it's promising to perform 

quantitative structural and functional imaging simultaneously at real time in vivo in the 

future. 

In this chapter, we will first introduce the basic principles of OCT, and then 

briefly review the historic development and current status of endoscopic OCT and 

Doppler OCT. In order to solve the clinical problems, we will examine the limitations of 

current systems and then propose and design specific studies as solutions to address these 

technical challenges. 

 

1.1 Principles of Optical Coherence Tomography (OCT)  

 

OCT provides coherence-gated information based on light interference, and it 

originated from Michelson interferometer. As illustrated in Fig. 1.1, light coming from 

the source is first split into reference and sample arms by a beam splitter. Light 
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backscattered from the reference arm and sample arm was recombined at the beam 

splitter and then detected by the photo diode.  

 

Fig. 1.1 Principle of coherence and low coherence Michelson interferometer. B.S.: beam 

splitter. 

 

For a monochrome coherent light source, the electric fields of the reference and 

sample arms can be written as: 

)]2(exp[ tkziAE RRR           (1.1) 

)]2(exp[ tkziAE SSS          (1.2) 

The combined electric field becomes: 

SR EEE            (1.3) 

Therefore, the light intensity at the photo detector is: 
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)2cos(2
2

zkiIIIIEI SRSR        (1.4) 

which indicates that the path length information is encoded by )2cos(2 zkiII SR  . If we 

translate the reference mirror at a constant velocity v , therefore tvz  , then a time 

varying sinusoidal interference fringe can be visualized. 

With similar principle, if we employ a low coherence light source, which means 

the light source has a wide bandwidth rather than a single frequency. Then the electric 

fields of reference and sample arms can be rewritten as:  

)])(2(exp[)( tzkiAE RRR          (1.5) 

)])(2(exp[)( tzkiAE SSS          (1.6) 

The combined electric field now becomes: 

)])(2(exp[)()])(2(exp[)( tzkiAtzkiAEEE SSRRSR    (1.7) 

And the light intensity at the photo detector changes to: 






2
))(2cos()()(2 *22 d

zkAAIIEEEI RSSRSR 




    (1.8) 

If we apply Taylor expansion on the wave number k at 0 , then 
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kkk   (1.9) 

If we assume a non-dispersive medium, thus the light source spectrum can be expressed 

as: 

*

0 )()()(  RS AAS          (1.10) 

and ))(()()( 00

'

0   kkk       (1.11) 
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So, the detected intensity 

}
2
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
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d
zkkiSrealI 
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    (1.12) 

Considering a Gaussian shape spectrum source, the spectrum can be expressed as 
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The interferogram will be: 
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           (1.14) 

And can be simplified as: 

]}2)(exp([])(2{exp[
222

0

'

0  zkzkiI       (1.15) 

So, the low coherence interferogram represents the multiplication of two fringes, one is 

the modulation frequency, the other one is the envelope, while the envelope provides the 

coherence gate.  

For sample under examination, we can consider it consists of lots of micro 

reflectors at different depths, as shown in Fig. 1.2. By detecting the time-of-flight of these 

echo pulses, the low coherence Michelson interferometer can be extended as optical 

coherence tomography (OCT). 
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Fig. 1. 2 Principle of time domain OCT 

 

1.2 Spectral Domain OCT 

 

If we examine the detected signal in a different perspective, we can acquire the 

echo pulses coming from the micro reflectors at different depths simultaneously rather 

than sequentially. Therefore, for the light source at a specific wavelength, we can rewrite 

the interferogram and simplified it as following:  

dzzknzakSkI 




 )2cos()()()(        (1.16) 
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For a time domain signal )cos()( ta  , given a specific frequency  , if we 

perform Fourier transform along time t, we will obtain the amplitude )(a  of the 

frequency component  in the frequency domain. Therefore, we can consider t and   are 

a Fourier transform pair. If the signal contains multiple frequency components, the 

amplitudes of all frequency components will be recovered by a single Fourier transform.  

For the interferogram mentioned above, at a specific depth z , if we perform 

Fourier transform along k, we will retrieve the scattering coefficient a( z ) at the specific 

depth z . So, k and z  are a Fourier transform pair. The reflectance for reflectors at 

different depths can also be revealed by a single Fourier transform, which is shown in 

Fig. 1.3.  

 

Fig. 1. 3 Principle of spectral domain OCT. 
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Since spectral domain OCT can measure the back scattering coefficients at 

different depths at one time, the imaging speed was dramatically increased. Also, because 

of sensor array detection rather than one single diode detection, the sensitivity of SDOCT 

is superior to that in the time domain (e.g., >20dB improvement)
4-6

.   

 

1.3 Endoscopic OCT 

 

By virtue of fiber-optic technique, bulky bench-top OCT system can be converted 

to portable device for clinical applications. However, for in vivo imaging, a miniaturized 

probe which can directly examine the biological tissue is still required. Endoscopic OCT 

by integrating OCT sample arm into the working channel of commercial endoscopes can 

faithfully produce high quality images of living tissue in vivo on site.  

The challenge of designing OCT endoscopes lies in the compromise between 

smaller probe size and larger imaging FOV. For most of the commercial endoscopes, the 

working channel is limited to about 2~5mm or even smaller. However, for OCT B mode 

imaging, in order to shorten the total examination time and minimize sampling error, a 

larger FOV which can cover the boundary between normal and abnormal tissue would be 

highly desired.  

Over the past decades, various OCT probes have been developed and validated by 

in vivo studies. Based on the scan mode, they can be divided into two categories: side 

view and front view. 
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Most of the OCT probes reported belong to side view mode
18

. In this mode, broad 

band light coming from the light source is first coupled by a single mode fiber, and then 

relayed and focused by a GRIN lens. Before the beam arrives at its focal spot, a rod 

mirror or prism is placed at the distal end of the probe to direct the light 90 degree, so that 

the beam can be focused just outside of the imaging catheter. Then based on different 

applications, two scanning modes can be achieved. For intravascular as well other tubular 

cavity imaging, 2D image is acquired by rotating the probe either in the proximal end 

through a fiber rotary joint, or at the distal end by a miniaturized motor. Rotation at the 

proximal end can largely reduce the probe sizes as small as limited by the GRIN lens; 

however, when the probe is very long, torque transmission can complicate the system. 

Rotation at the distal end eliminates any possible mechanic movements of the probe. 

However, the probe size is generally large and limited by the size of the micro motor. For 

other flat surface imaging, linear translation mode can also be applied to the probe by 

translating angular movement of  the galvanometer shaft into linear motion
19

. Since 

images acquired by side view probe are actually 2D, so a back and forth translation is 

usually required to enable 3D imaging. 

The other imaging mode is front view imaging. Unlike side view probe, light 

coming out from the light source is directly focused in front of the probe. And scan is 

usually achieved by mechanism inside of the probe. One typical setup is the PZT 

cantilever based forward scanning
20

. In this probe, the PZT cantilever will translate the 

fiber and GRIN lens to move at a specific pattern, the focal spot will move accordingly. 

Another similar design is to vibrate the cantilever close to its mechanic resonant 
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frequency in a spiral scanning pattern
21

.  Front view probe provides the touch-and-see 

ability and allows convenient examination. However, the probe size is generally larger, 

and FOV is smaller. To design a smaller probe with a larger FOV is quite challenging. 

 

1.4 Doppler OCT 

 

Doppler OCT is an OCT based functional imaging modality that can be used to 

minimum invasively measure the depth resolved blood flow velocity at high resolution 

and high sensitivity. The basic principle of Doppler OCT is the Doppler effect of light. 

The frequency of the back reflected light will be shifted if it hits a moving object. If the 

target is moving towards the beam, the frequency will be shifted towards shorter wave 

length, namely, blue shift. If the target is moving far away from the beam, the frequency 

will be red shifted. By calculating the frequency shift and angle at every voxel, 3D 

quantitative blood flow velocity map can be acquired. 

Fig. 1.4 is a simplified diagram showing the basic principle of Doppler OCT.  The 

frequency of the incident beam is f, the velocity of the red blood cells is v, the angle 

between the blood flow and the incident beam is  , and then the Doppler shift 

is f
c

v
f

cos2
 . Based on the measured Doppler shift f , We can calculate the red 

blood cell velocity as
22

: 








 cos2cos2cos2

f

f

ff

f

fc
v








 .    (1.17) 
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Fig. 1. 4 Schematic diagram showing the principle of Doppler effect. 

 

Based on the analysis above, a straightforward approach to measure the blood 

flow velocity is to detect the Doppler frequency shift directly. As we explained before, 

based on the time domain detection technique, the slow OCT envelope signal is carried 

by a fast varying modulation signal which is directly related to the central frequency of 

the light source. If a frequency shift happens, the modulation frequency will change 

accordingly. By taking a short time Fourier transform (STFT)
11

 along each A line in the 

depth direction, windowed frequency distribution could be extracted. The difference 

between the STFT result and the static modulation frequency is the real frequency shift. 

There are several intrinsic problems with this method. STFT is usually computation 

intensive, and will slow down the imaging speed
10

. Another important issue is that the 

detection sensitivity is inversely proportional to the imaging frame rate as well as spatial 

resolution. Since higher velocity sensitivity means better spectral resolution, and thus 
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larger STFT window. The larger the window, the worse the spatial resolution and the 

longer imaging time it requires for a single A-line. For in vivo functional imaging, this 

method based Doppler OCT shows severe limitations. 

Another method to measure the flow velocity is to detect the local phase change 

induced by the frequency shift
23

. The phase information of each A-line can be extracted 

through Fourier transform of the interferogram. By subtraction the phase terms between 

each A-line, the phase change can be readily calculated. This method tackled part of the 

problems from the STFT method, however, due to phase calculations of every two lines, 

this method requires higher spatial resolution and dense sampling to achieve high 

sensitivity. 

Another approach is called resonant Doppler flow imaging
24

. In this method, the 

reference arm is tuned to a specific velocity range. For flows with the same velocity as 

the reference arm, the system shows the best sensitivity. By tuning the reference arm, a 

large dynamic range blood flow can be measured. This method requires a moving 

reference which will complicate the hardware of the current SDOCT system.  

Recently, several approaches by separating moving particles from static tissue 

either through hardware modification or software processing achieve very high 

sensitivity. One is called joint time and spectral domain method
25

, this method performs 

two FFTs along wave number and lateral direction respectively. Another method is based 

on a modified Hilbert transform method to remove the static tissue caused noise term in 

the frequency domain by using a heavy-side function
26

. Another high sensitive method is 

the digital frequency ramping method
7
 developed by our lab. By inserting a ramping 
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frequency into the phase term through post image processing, a Hilbert transform is 

applied to detect the phase flip caused by the blood flow. Therefore, quantitative flow 

imaging is achieved. 

Besides these quantitative Doppler flow imaging methods, recently, there is a 

great interest on Doppler OCT based angiographic imaging to visualize the micro 

vasculature. One method is based on the Hilbert transform on the lateral direction or high 

pass filtering in the frequency domain
9, 27

, moving part is separated from the static tissue. 

Another method is to calculate the standard deviation
28

 of several images scanned at the 

same location, the speckle contrast is used to visualize vasculature.  

These aforementioned Doppler OCT methods provide additional functional 

features to the traditional structural OCT system, however, one obvious limitation up till 

now is that they cannot provide quantitative blood flow information down to 

microcirculation and capillary level, which is critical for many biomedical research and 

clinical applications. 

Despite the rapid development of OCT technology, in particular, endoscopic OCT 

and Doppler OCT, the current systems and methods still show several limitations. Most 

of the endoscopes were developed for tubular structure imaging, however, for large 

cavity flat surface imaging, in our case, for bladder cancer imaging, no available 

endoscopes could provide large front FOV which is convenient for physicians to operate. 

Moreover, most of the current OCT based diagnostic methods rely on descriptive features 

to interpret the images, and is subjective and labor intensive. With 3D imaging modality 

developed, even large data sets will be generating in the future, therefore, a quantitative 
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independent computer aided OCT diagnosis is desired in clinical. Also, with the cross 

sectional depth resolved high resolution in vivo imaging capability; it's promising to 

extend OCT technique into other clinical fields and also for other critical clinical 

applications.  For functional OCT imaging, current systems can never provide 

quantitative blood flow velocity down to capillary level, which is critical for various 

functional studies. It is desired to develop the functionality of Doppler OCT for capillary 

flow imaging.  

In order to tackle these problems, in this dissertation, we proposed and developed 

several approaches to improve endoscopic OCT and Doppler OCT for quantitative 

structural and functional imaging. 

1: Designed and developed a high performance OCT system for the proposed 

studies; designed and packed large FOV OCT endoscopes and integrated them into 

commercial cystoscopes for clinical in vivo studies; designed the algorithms to extract the 

quantitative features of OCT images for computer aided diagnosis of early bladder 

cancer, developed high performance phase detection techniques for ultra-high resolution 

capillary flow imaging. 

2: Bladder cancer is the 5th most common type cancer in the US. However, it's 

curable if diagnosed early. Preclinical studies have demonstrated that OCT is effective in 

diagnosis of bladder cancer. Human cancer is more complicated than animal model. We 

designed high performance MEMS mirror based and flexible COCT probes, and 

validated their performances in the hospital operating room to enhance the current 

clinical diagnosis of bladder cancer.  
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3: 2D OCT based cancer diagnosis mainly relies on descriptive features and the 

diagnosis is qualitative. For large data sets acquired on huge patient population, 

especially for complicate cases (e.g., bladder carcinoma in situ (CIS)), 2D OCT shows its 

limitations as subjective, labor intensive and slow diagnosis. In this dissertation, we 

designed a computer aided diagnostic method based on quantitative image analysis of 

enface image extracted from 3D OCT to enhance the diagnosis of early stage bladder CIS 

based on a transgenic SV40T rodent model. 

4: For cancer diagnosis of any specific organ, a complete examination of the 

whole organ is usually desired so as not to miss any hidden malignant lesions. With high 

spatial resolution at intermediate depth, OCT is a mesocopic imaging modality at tissue 

level. Even with large FOV 3D imaging probes developed, whole organ OCT 

examination is still time consuming unless guided by other imaging modalities to locate 

the suspicious lesions first. For bladder cancer diagnosis, narrow band imaging (NBI) and 

fluorescence cystoscopy (FC) have been proved to be highly sensitive. For this purpose, 

we conducted a comparative study of white light cystoscopy, NBI, FC and 3D OCT to 

evaluate the efficacy and potential drawbacks of each modality to examine the hypothesis 

of NBI guided 3D OCT to enhance bladder CIS diagnosis. 

5: Subsurface cysts cause a lot of complicated disorders to various organs (e.g., 

bladder pain syndrome/interstitial cystitis) and behave as a significant syndrome for some 

diseases (e.g., microscopic chorionic pseudocysts of human fetal membrane for 

preeclampsia). Pathological evaluation faces challenge because it cannot differentiate 

cysts from sample preparation induced artifacts. High resolution 3D OCT can faithfully 
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delineate the detailed morphological structure of living tissue in vivo on site based on 

high performance probes. Based on this, we applied high resolution 3D OCT on human 

fetal membranes to evaluate the feasibility of OCT imaging diagnosis of human fetal 

membrane diseases.  

6: Functional imaging based on Doppler OCT have been demonstrated in various 

studies. However, quantitative blood flow measurement of microcirculation at capillary 

level still remains an unsolved problem. The major challenge of capillary flow imaging is 

to obtain both high spatial resolution to resolve the capillary vessels and high sensitivity 

to detect the slow blood flow.  We developed an ultrahigh resolution optical Doppler 

tomography system and designed a high sensitivity phase detection algorithm to enable 

quantitative microcirculation imaging. With this technique, we performed multiple 

functional studies to validate the performance of the system and invented a particle 

counting method to accurately measure single red blood cell velocity in vivo. 

7: Recent technological advances in OCT-based flow imaging techniques have 

evolved to two different approaches, i.e., optical coherence angiography (OCA) and 

Doppler tomography (ODT) for vasculatural visualization and quantitative imaging of 

CBF in vivo. However, it is known that the vascular turnouts provided by speckle 

contrast OCA surpass those detected by ODT, especially for capillary beds. In this 

dissertation, we presented experimental results on both flow phantom and in vivo animal 

(mouse brain following laser-induced microischemia) studies to elucidate the mechanistic 

differences between these two methods for CBF detections. With this better 
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understanding of Doppler effect, we optimized our ODT system and provided 

preliminary results of the chronic cocaine effect on the rodent CBF. 
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Chapter 2 System Development and Image 

Reconstruction 

In this chapter, we will first design a spectral domain OCT system, and then 

evaluate the system performance and calculate the detailed specifications. Based on this 

system, we will then develop a MEMS mirror based OCT endoscope. For the software 

part, we will discuss the method we used to reconstruct the OCT image, the algorithms to 

perform the quantitative computer aided diagnosis, and more importantly, the software 

package we developed for the highly sensitive blood flow detection.   

 

2.1 Design of Spectral Domain OCT Systems 

 

A typical spectral domain OCT system consists of four major parts: light source, 

sample, reference and detection arms. 

 

2.1.1 Light Source 

 

Since OCT is an interferometric technique, the light sources available for OCT 

detection are limited based on the following criteria: 
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1) The light source must be spatially coherent; 

2) The light source must be partially temporally coherent. In other words, the bandwidth 

of the spectrum should be as wide as possible. 

With these general criteria, there are other specific critical parameters that need to 

be considered carefully when choose a light source. These parameters include central 

wavelength, spectral bandwidth, power as well as spectral shape. We will first analyze 

the importance of each parameter mathematically, and then based on the analyses, choose 

the proper light source and evaluate its performance. 

The attenuation of incident light inside the biological tissue mainly comes from 

absorption and scattering. The major elements that contribute to the absorption are water 

and blood. Water absorption is low when the wavelength is lower than 2μm, at which the 

absorption is dominated by hemoglobin in the blood. The tissue scattering is almost a 

monotonic decrease function with increasing wavelength. So, all the factors combined 

together yield an optical therapeutic window for biological tissue, which lies in between 

600nm to 1500nm.  

As previously mentioned, the bandwidth of the light source is critical to make 

sure of low coherence property. Assume we have a Gaussian shape light source; the 

spectrum can be expressed as: 

a
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So, the FWHM of the spectrum is actually the band width of the spectrum, which is: 
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Also, for the auto-correlation function, the FWHM is actually the coherence 

length, which is: 
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Based the analysis above we can confirm that the wider the bandwidth, the better 

the system axial resolution. Fig. 2.1 shows the computer simulation results of the 

relationship between the band width of the light source and the system axial resolution.  

Another critical parameter is the power of the light source. As long as the 

irradiance is below the ANSI safety level, generally, the higher the power on the sample, 

the better the system sensitivity and SNR. Especially for endoscopic OCT system, due to 

miniature size, the light coupling efficiency is often low, thus high power light source is 

even desired. 

 

Fig. 2.1 Relationship between spectrum bandwidth and FWHM of auto correlation 

function. 
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The last parameter to consider is the spectral shape. Previous analysis was based 

on Gaussian shape spectrum. In reality, the spectral might not be perfect Gaussian shape. 

The system axial resolution, or the point spread function (PSF) is actually the Fourier 

transform of the source spectrum. If the source spectrum is very sharp (e.g., Rect 

function), then the PSF will have severe side peaks close to its main peak, which could 

downgrade the system resolution and contrast, as shown in Fig. 2.2. In practice, a smooth 

spectrum which closely mimics Gaussian shape would be the ideal choice. 

Fig. 2.2 Relationship between spectral shape and auto correlation function 
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Based on the analysis above, there are two types of light sources available on the 

market suitable for OCT, superluminecent diode (SLD) and mode-locked solid state 

laser. We choose the following light sources for our clinical high resolution OCT station 

and ultrahigh resolution benchtop ODT system. 

For clinical high resolution OCT system, the major concerns are compactness, 

high power as well as stability. Based on this, we choose the following superluminecent 

diode as the light source:  

Table 2.1 Specifications of the superluminescent diode from Inphenix 

 Unit Min. Typ. Max. 

Center Wavelength nm 1280 1291 1340 
Output power mW - -  22 
Forward Current mA - - 550 
Forward Voltage V - - 2.5 
Ripple dB - - 0.5 
Operation temperature range C -20 - 65 
Storage temperature range C -40 - 85 
Package Type 14 PIN Butterfly 
Fiber Type 900um SMF 
Connector Type FC/APC 
TEC required Yes 
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Fig. 2.3 Spectrum of the SLD 

 

For benchtop ultrahigh resolution ODT system, we choose the high power wide 

band mode locked Ti-Saphhire solid state laser as the light source. 

 

Fig. 2.4. Layout of the fetomsecond laser (modfied from KM Lab Ti: Sapphire laser 

mannual). 
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The laser parameter is summarized as following: 

Table 2.2 Specifications of the superluminescent diode from Inphenix 

 Unit Min. Typ. Max. 

Center Wavelength nm  800  
Band Width nm 120 128 140 
Pulse width fs  8  
Repetition rate MHz 15 90 100 
Output power mW - - 450 
Pump power W - - 4.4 
Pump current A - - 19.6 

 

And the spectrum is as below: 

 

Fig. 2.5. Spectrum of the Ti:Saphire laser.  

 

2.1.2 Sample Arm 
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A typical sample arm consists of collimating lens, scanner and objective lens. We 

will first discuss how to choose each component and then introduce the detailed 

alignment of the whole sample arm. 

A proper scanner needs to be determined first. Generally the sizes of the 

collimating lens and focusing lens are much larger than the effective scanner size, thus 

the scanner will determine the largest beam size we can have in the whole sample arm, 

and eventually the lateral resolution of the whole OCT system. Other than the scanner 

size, the maximum scanning speed, highest scanning resolution, mechanic stability, 

jittering as well as driving mode are all critical.  For our application, we choose the VM 

Plus linear Scanner from General Scanning Inc. with a mirror aperture of 8mm and  ±20 

degree optical scanning range at 53μA/degree sensitivity. 

After the scanner is chosen, we then choose the collimating lens. The light 

coming from the source is connected to the sample arm through a single mode optical 

fiber. The NA of the SMF is generally around 0.11. An f=25mm achromatic lens was 

chosen as the collimating lens to achieve a D=5.5mm beam size on the scanner.  

The major concern to choose an objective lens is the focal length. The focal 

length combined with the beam size would determine the system effective NA and then 

the lateral resolution and depth of field. Also, focal length will largely determine the 

objective working distance, which is also a critical parameter, especially for in vivo 

imaging. Two objective lenses were chosen for different applications. An f=40 objective 

lens was chosen for high resolution OCT system to achieve a lateral resolution of ~12μm. 
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An f=16 objective lens was chosen for ultrahigh resolution ODT system to achieve a 

lateral resolution of ~3μm.  

In order to align the sample arm, first, light coming out from the collimating lens 

must illuminate the center of the scanning mirror to eliminate any scanning induced 

frequency shift, which is critical for Doppler imaging. Next, the scanner has to be placed 

at the back focal plane of the objective lens to enable telecentric scanning so that the 

scanning on the sample is linear. 

 

2.1.3 Reference Arm 

The alignment of the reference arm is much easier than that in the sample arm. 

The only thing that needs more attention is to choose exactly the same optics (e.g., same 

collimating lens, same focusing lens) as those in the sample arm so that material induced 

dispersion in both arms can be matched. Moreover, in order to optimize the camera SNR, 

a diaphragm is usually applied to adjust the reference intensity.  

 

2.1.4 Detection Arm 

 

The major part of the detection arm is a high speed spectrometer. The design of 

the spectrometer will largely determine the performance of the whole system. The basic 

principle of the spectrometer is based on the grating equation:  

 md ri  )sin(sin1  
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where d is the pitch number of the grating, i is the angle of the incident light, r is the 

angle of the refractive light, m is the diffraction order, and  is the wavelength of the 

light.  We first design the spectrometer based on our 1320 SLD source.  

For grating, the higher the pitch number, the larger the diffraction angle. 

However, according to equation,  

mm
mmm

d ri /1538
103.1

2

103.1

22)sin(sin
66






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



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  (2.10) 

 

Fig. 2.6 Design of a spectral domain OCT system. 

 

With the gratings available on the market, we pick up the holographic grating 

with 1200/mm pitch number.  

In order to achieve higher diffraction efficiency, the grating should be configured 

at Littrow condition, which means the refracted light should come back the same way as 
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the incident light. However, for our system design, in order to align the optical 

components, we can only approach Littrow condition as close as possible. In our cage 

system setup, we adopt o

ri 5.120    . 

Based on previous analyses, we adopt m=1. Then we can calculate the grating 

layout based on the 1320 central wavelength as following: 

 md ri  )sin(sin1         (2.11) 
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Therefore, o

i 59 , o

r 6.460         (2.14) 

The spectrum ranges from 1260nm to 1370nm, thus,  

onmnm
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2
)( 12601370 


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        (2.15) 

The camera we used has a sensor size of X=25mm and pixel size of x=25μm. In 

order to fully take use of the camera, we want the dispersed spectrum to fully cover the 

camera sensor, thus we need choose a proper lens. 

2
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Since the pixel size is x=25μm, in order to fully use the camera resolution, the 

focal spot size should be smaller than the pixel size, in which case the resolution is 

limited by camera rather than optics. Based on Raleigh criteria, the focal spot size  

m25
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61.0
2

22.1

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f
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f        (2.18) 

So, the beam size on the grating should be larger than 

9.92mm
25

15432.1
22.1
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


f
      (2.19) 

To sum up, for the detection arm, we need to couple the SMF with an f=50mm 

collimating lens to achieve a mm10  spot on the grating. The grating needs to be 

tilted o6.46 relative to the axis of the camera. The incident beam should be arranged with 

an angle of o59 . A focal length of 154mm achromatic lens should be used as the focusing 

lens to enable full detection of the effective spectrum. 

 

2.2 System Specifications 

 

Based on the design above, we calculate the system specifications to evaluate its 

performance.  

 

2.2.1 Axial Resolution 

 

In biological tissue, based on the previous analysis, the axial resolution is 

calculated based on following equation: 
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where n is the refractive index of biological tissue (~1.3),   is the central wavelength of 

the light source and   is the FWHM of the spectrum. 

For the high resolution clinical OCT system, the axial resolution in tissue is  
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For the ultrahigh resolution ODT system, the axial resolution in tissue is  
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2.2.2 Lateral Resolution 

 

The lateral resolution of the system is determined by the sample arm optics. The 

focal spot size is ultimately limited by diffraction. Under Raleigh condition, the lateral 

resolution is calculated as: 



f4
           (2.23) 

The sample beam size is 5.5mm, for high resolution clinical OCT system, 
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For ultrahigh resolution ODT system, the lateral resolution is: 
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2.2.3 Imaging Depth 

 

As we introduced previously, for spectral domain OCT system, the depth z and 

wave number k are a Fourier transform pair. In other words, the maximum resolvable 

depth will be determined by the sampling rate in k domain (or in   domain). We derive 

the imaging depth equation from the original interference fringes. 

The fringes of SDOCT are: 
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Thus the angular frequency of the fringes is nzk 2   

So, the period based on k is 
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Therefore, the highest frequency, which corresponds to the lowest period based on k is 
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In order to recover the highest frequency in the fringes, according to Nyquist Sampling 

theory, one has to have at least two sampling points in the one shortest period: 
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Because spectrometer is always in wavelength domain, 
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We can write it as 
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Thus 
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max  , so the maximum depth of SDOCT is 




n
z

4

2

max  , which is 

determined by the spectrometer’s spectral resolution. 

The spectral resolution can be calculated as following. 

Since  md ri  )sin(sin1 , if we take the differential of both sides, then 
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Based on the lens projection, the minimum resolvable angle  r  will just project to the 

pixel size of the camera x=25μm 
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The spectral resolution of the ultrahigh resolution system is also about 0.1nm. 

Then the imaging depth for clinical high resolution OCT system is 
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For the ultrahigh resolution ODT system, the imaging depth is: 
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2.2.4 Frame Rate 

 

The highest frame rate of the system is limited by the camera as well as the 

computer hard disk. For clinical high resolution OCT system, the camera scanning speed 

is 47K lines per second. If each image consists of 500 A lines, the frame rate is 94fps. 

The highest scanning speed of the camera used in the ultrahigh resolution ODT system is 

27K lines per second. For same images, the frame rate is 54fps. In order to enable large 

data transfer with fast speed, we configure all the computer hard disk as Raid 0 array to 

enable ~300MB/s data transfer rate. 

 

2.3 Design of MEMS Mirror Based OCT Endoscope 

 

MEMS mirror is a highly compact scanning device, which is the ideal choice for 

endoscopic scanning. Since MEMS mirror was introduced into endoscopic OCT by our 

group, we have made substantial improvements to optimize the performance of OCT 

endoscope. 
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Fig. 2.7 SEM image of a MEMS mirror 
29

                     

 

The MEMS mirror we used is designed by our collaborator Dr. Xie's lab from 

University of Florida. Fig. 2.7  shows the fine structure of the MEMS mirror
29

 under 

scanning electron microscope (SEM). The mirror was fabricated based on CMOS 

technology. The hinges on the mirror opens the mirror with an initial angle. When the 

voltage is added onto the mirror, the thermal actuator will adjust the angle based on the 

expansion caused by temperature differences between the underlying layers. Fig. 2.8 a) 

shows a typical voltage-angle curve of the MEMS mirror. We do see that at the beginning 

of the scan, there is a nonlinear range, however, in the middle part; the scanning is still 

about linear. Generally we can apply voltage from 2V-7V. Fig. 2.8 b) shows a typical 

OCT image of a tilted cover glass as the MEMS mirror scans from the bottom to the top. 

It shows similar performance if we use the full scanning range. The good thing is that 

OCT image can quickly visualize the dynamic responses, which is more valuable for 

endoscopic application.  
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Fig. 2.8 a) Voltage angle curve of MEMS mirror; b) OCT image of Voltage angle curve  

 

By integrating MEMS mirror into the commercial cystoscopes, we can readily 

develop our cystoscopic OCT probe. Fig. 2.9 a) shows the layout of the MEMS mirror on 

a plastic ferrule. The effective mirror size is 1mm1mm. Fig. 2.9 b) shows the design of 

our MEMS mirror based OCT endoscope.  

Light coming out from the fiber was coupled through a FC/APC adaptor into the 

single mode fiber. At the end of the fiber, a quarter pitch gradient refractive index lens 

was applied to form a collimated beam. The collimated beam was then reflected by a high 

reflection mirror onto the center of the MEMS mirror. During the scan, the beam was 

first scanned by the MEMS mirror laterally then focused by a laser achromate onto the 

outer surface of the endoscope where the tissue is going to be examined. The FOV is 

4.8mm and the frame rate can go to ~10fps.  
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Fig. 2.9 a) Ferrule for MEMS mirror; b) design of OCT endoscope by using MEMS mirror 

 

Fig. 2.10 shows the image of the final packed endoscope. The electric wire is used 

to control the MEMS mirror scan, while the jacket fiber with a FC/APC adapter is used to 

couple light into the endoscope. The whole endoscope is sealed by medical glue and is 

completely water proof and sterilization resistant.  
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Fig. 2.10 Packed OCT endoscope with MEMS mirror as the scanner 

 

2.4 OCT Image Reconstruction 

 

In this section, we will first discuss the general procedures for OCT image 

reconstruction. Then focus on image segmentation and 3D OCT based computer aided 

diagnosis. Last, we will introduce the algorithms for Doppler flow image processing. 

 

2.4.1 Intensity Image Reconstruction 

 

A typical spectral domain OCT image reconstruction algorithm involves 

following procedures: spectrum reshape--reference removal--calibration--fast Fourier 
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transform-image adjustment. We programmed in MATALB GUI mode to enable all these 

procedures, and illustrated as below:   

 

Fig. 2.11 SDOCT color image reconstruction software 

 

2.4.2 Image Segmentation and Computer Aided Diagnosis 

 

The following image processing algorithm was applied to segment both 2D and 

3D OCT images
17

: 

1) OCT images were first converted to 16 bits grayscale mode:  
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Fig. 2.12 16 bits grayscale OCT image 
 

2) An adaptive mask was generated by converting the grayscale image into BW mode 

based on a threshold value calculated to minimize the intraclass variance of the black and 

white pixels (e.g., for some images, 0.15 was set as threshold):  

 

Fig. 2.13 Mask of the region of interest 

 

3) The region of interest was obtained by multiply the mask with the original grayscale 

image: 

 

Fig. 2.14 Masked result 

 

4) The masked image was then normalized: 

 

Fig. 2.15 Normalized image 
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5) A 2D medium filter with a radius of 5 pixels was then employed to minimize the 

speckle noise: 

 

Fig. 2.16 Filtered image 

 

6) For each A-line, the intensity gradient along depth direction is calculated based on first 

order differentiation. Based on the gradient image, the upper surface of decidua vera 

(DV) and bottom surface of epithelium (E) were easily segmented with a gradient 

threshold of 5000:  

 

Fig. 2.17 Segmentation result of upper surface of decidua vera and bottom surface of 

epithelium 

 

8) With these 2 edges segmented, all the other pixels outside of this region were set as 

zero. Since the chorion and trophoblast (CT) layer is a low scattering layer in the middle, 

it was then segmented based on an adaptive threshold. (e.g., for some images ~ 20000):  
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Fig. 2.18 Segmentation result of  chorion and trophoblast layer 

 

9) The last step was to segment the edge between subepithelial amnion (A) and E. Since 

the edge between CT and A as well as the bottom surface of E are both known now, the 

ROI image was further constrained to A and E layers only:  

 

Fig. 2.19 Region of interest consists of only subepithelial amnion and epithelium 

 

As layer E is low scattering, whereas layer A is high scattering, the contrast between 

them is distinct. An intensity value derived based on Otsu's method was employed as the 

threshold to segment these two layers (e.g., for some images ~18000):  

 

Fig. 2.20 Final segmentation results.* The threshold value for each segmentation was 

generated by Otsu's method based on the image data (The value can be derived by the 

MATLAB image processing kits).  

 

For computer aided diagnosis, we developed our algorithm as below: 
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Fig. 2.21 Algorithm for enface image extraction 

 

We first reconstruct all the 3D images, and then extract the enface image as 

shown in Fig. 2.21. Based on the extracted enface image, quantitative image analysis was 

performed for computer aided diagnosis. The image processing algorithm is shown in 

Fig. 2.22
17

.  1) An adaptive image segmentation algorithm based on mathematical 

morphological operation was applied to remove the specular reflection and background 

ghost image coming from the specimen interfaces. 2) 3D image registration was 

performed to eliminate artifacts caused by bladder stretching. The A-line at the center of 

the sample was assigned as the reference, then all the other A-lines were aligned 

accordingly based on the cross correlation results between the A-lines and the reference. 

3) The bladder urothelium was segmented in 3D, then averaged only in the axial direction 

over 5 pixels at 5μm below the surface to extract the enface OCT image. 4) To minimize 

computation, a region of interest (ROI) of 1mm1mm was randomly selected by the 

program automatically. 5) Two-dimensional fast Fourier transform (FFT) was performed 

on each ROI. 6) The 2D FFT result in Cartesian domain was converted into polar 
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domain. 7) 2D FFT profile was determined in polar domain by averaging across all 

different angles and normalized based on the summation of all frequency components. 8) 

Target function was built based on both 2D FFT results and 2D STD results. 9) To 

provide absolute quantitative diagnoses, the result of the target function was calculated as 

the unique feature for each specimen, and the diagnosis criteria was illustrate in Fig. 2.22 

b) 

 

Fig. 2.22 a) Image processing algorithm; b) computer aided diagnosis algorithm. 

 

2.4.3 Doppler Flow Image Reconstruction 

 

For quantitative ODT image reconstruction, an image processing algorithm - 

termed phase subtraction method (PSM) - was developed to enhance the sensitivity of 



 45 

quantitative Doppler flow detection. The detected spectral interferogram of a A-line at a 

transverse position x can be derived as,  

 
 
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(2.39) 

where k=2π/λ is the wave number of light, Δz is the path length difference between the 

reference and sample arms, n is the refractive index of mouse cortex under imaging, and 

(z, x) is the instant phase term at position (Δz, x). A(z, x)=2S(k)[IrIs(z, x)]
1/2

 is the 

envelop of spectral interferogram and Ir, Is are the light intensities in the reference and 

sample arms, and S(k) is the cross-correlation spectrum. As the total interferogram I(k, x) 

is a linear summation of the interferogram from different depths of Δz, we only discuss 

the signal coming from a specific depth for simplicity, i.e., assuming Δz is a constant to 

analyze the phase change along the transverse direction. Considering it a dark noise free 

system, we can divide the phase term (z, x) to two parts, 

)()( 0 xx d            (2.40) 

where 0 is the initial phase, d(x) is the phase shift induced by Doppler flow. During 

each cross-sectional imaging (B-scan), the transverse laser scan is at a uniform speed v 

and the time interval for acquiring individual A-line is t (i.e., x=vt is the pitch density 

or step size), then the transverse position x of the i-th A-scan is xi=x0+ix. Doppler OCT 

extracts the flow speed vd by calculating the immediate phase change between the two 

adjacent A-lines, 
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2.4.4 Vessel Tail Removal 

 

Because of forward scattering of the red blood cells, vessels in the Doppler flow 

images tend to have long tails, which would downgrade the reconstructed 3D flow map. 

In order to remove the vessel tails automatically for large data set, a dynamic adaptive 

vessel tail removal algorithm was developed to completely automatically detect the 

vessel tails and then remove them.  

The algorithm is based on a modified region growth algorithm. First, region of 

interest was masked based on threshold. Then the flow map was binarized. Starting from 

the top of the tissue surface, whenever the vessel is detected, the vessel region starts to 

grow with a shrinking factor until the pixel value decreases to zero. Then the updated 

flow map was updated as the final flow map for 3D reconstruction. The result is shown as 

following: 
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Fig. 2.23 Software for vessel tail removal. 

 

2.4.5 Enhancing Flow Detection Dynamic Range 

 

Additionally, the algorithm to improve the flow detection dynamic range can be 

derived from Eq. 2.41 to increase the dynamic range for Doppler flow detection. Assume 

that Pf(z, x) is the original phase image acquired at f A-lines frame rate (e.g., f=10kHz) 

and Pf/2(z, x) is the down binning phase image at f/2 frame rate (e.g., f/2=5kHz), Pf/2(z, 

x)=2Pf(z, x) because the phase shift 0 is proportional to the sampling time (0Tx or 

01/f). Each frame, e.g., 20k A-lines at 20kHz, down binned 10k A-lines at 10kHz, ..., 

1kHz, are combined using the algorithm (Fig. 2.24) to provide 1000 final Doppler image 

lines for later 3D image rendering.  
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Fig. 2.24 Algorithm to enhance the flow dynamic range. 

 

In summary, a high resolution spectral domain OCT system was developed and its 

parameters were derived and evaluated. Also, the corresponding image processing 

software kit was also designed to enable high fidelity OCT image reconstruction.   
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Chapter 3 Cystoscopic OCT for Bladder Cancer 

Diagnosis in vivo 

3.1 Introduction 

 

Carcinoma or cancer that originates in the urothelium is the 5th most common 

type of cancer with estimated 68,810 new cases and 14,100 deaths in the US in 2008
30

. 

Most transitional cell carcinomas (TCC) are curable if diagnosed and treated early. 

However, early diagnosis of TCC, in particular, carcinoma in situ (CIS) remains a clinical 

challenge
31

. For example, urine cytology, FISH and BTA are unable to provide sufficient 

sensitivity (50%) for low-grade TCC
32-34

; Radiologic imaging by way of IVP, CT, MRI 

fail to detect early-stage bladder cancer due to limited resolution
31

. Cystoscopy is 

currently the gold standard that has proven highly effective for the diagnosis of papillary 

TCC; however, as an en face imaging modality, it often cannot differentiate non-papillary 

TCC especially CIS which may have a normal appearance from benign inflammatory 

lesions and relies on random biopsy, resulting in a low diagnostic sensitivity and 

specificity
32, 35

. Therefore, a more effective imaging technique that can see below the 

bladder surface at a high resolution is highly desirable to enhance the current cystoscopic 
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procedures to diagnose and locate flat malignant lesions (e.g., non-papillary TCC, CIS), 

guide TURBT, and detect recurrent tumor following transurethral resection.  

Optical coherence tomography (OCT) is a new imaging technique that enables 

cross-sectional imaging of biological tissue at a resolution 10 times higher than clinical 

ultrasound. In addition to successful clinical adoption in ophthalmology, OCT can be 

integrated with conventional endoscopy to permit high-resolution in vivo imaging of 

intraluminal tracts (e.g., bladder). Recent preclinical animal and human studies 

demonstrate the potential of OCT for detecting bladder cancer
36-40

. We developed a 

microelectromechanicalsystem (MEMS) mirror based spectral-domain OCT cystoscopy 

(COCT) to improve the image resolution, detection sensitivity, imaging rate and field of 

view (FOV), all of which are critical to in vivo bladder cancer diagnosis
41

. In this 

Chapter, we present a pilot study based on intraoperative cystoscopy for patients 

suspected of bladder tumors. The diagnoses of COCT were compared with other clinical 

data such as white-light cystoscopy, histology and voided cytology, so that the utility and 

potential limitations of MEMS-based COCT for bladder cancer diagnosis may be 

examined. 

 

3.2 Materials and Methods 

 

3.2.1 Patient  

 



 51 

  COCT was performed in the first 56 consecutive subjects, including 46 (82.1%) 

male and 10 (17.9%) female patients (median 70 in the 25-75% range), suspected of 

bladder cancer and scheduled to undergo intraoperative cystoscopy. These patient cohorts 

comprised 24 (35.5%) for possible bladder biopsy (e.g., due to positive cytology, 

hematuria, or suspicious outpatient cystoscopy) and 32 (47.1%) for possible TURBT 

among which 12 (17.6%) patients underwent repeated surveillance cystoscopy due to 

suspected recurrence post intravesicle therapy with mitomycin or BCG, totaling 68 cases. 

All of the studies were performed after approval by the Stony Brook University 

Institutional Review Board and patients’ informed consents. Healthy control subjects 

were not recruited for this study. 
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Fig. 3.1 MEMS-based COCT for in vivo bladder cancer diagnosis. A) SDOCT station; B) 

OCT cystoscope; C, D) COCT catheter that allows white-light or fluorescence image 

guidance. FC/APC: angle polished fiber connector. Transverse laser scanning (up to 

4.8mm) within COCT catheter was facilitated by a CMOS MEMS mirror (1.11.3mm
2
). 

 

3.2.2 COCT 

 

Our techniques for MEMS-based spectral-domain cystoscopic OCT have been 

reported previously
7
. Fig. 3.1 illustrates the image station and OCT cystoscope used in 

this study. A broadband near infrared (NIR) laser at wavelength λ=1320nm with a 

spectral bandwidth of λ=90nm was used to illuminate the fiberoptic spectral-domain 

OCT system (SDOCT) and a green laser (532nm) was coupled for endoscopic visual 

guidance. Unlike previous time-domain OCT techniques, SDOCT circumvented the need 

for mechanical axial scan by virtue of spectral interferometry
42

, thus significantly 

increasing imaging rate and dynamic range
41

, crucial to in vivo COCT diagnosis. The 

sample arm of the OCT system was connected to an OCT catheter integrated via the 

instrument channel into a 22Fr cystoscope which focused the incident NIR light onto the 

bladder lumen and collected backscattering from different depths within bladder wall to 

recombine with the reference light to obtain a depth profile (A-scan) using a 1D spectral 

camera. Steering of light laterally with a MEMS mirror in OCT catheter following each 

A-scan facilitated 2D and 3D COCT imaging. Recent technological advances in high-

performance MEMS mirror and SDOCT led to improved imaging rate (8fps), dynamic 

range (>110dB) and resolution (~10m), and a larger FOV (2.14.8mm
2
 in the vertical 

and lateral directions). The dual-imaging capability permitting white-light or fluorescence 
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guided COCT greatly improves the diagnostic efficacy
37

. 

 

3.2.3 Clinical Examination 

 

With the patient under general anesthesia, COCT diagnosis was performed prior 

to possible biopsy or TURBT treatment. Suspicious lesions, including base and 

transitional area to the adjacent normal mucosa were examined first, followed by 

sequential COCT scans of nonspecific or normal-appearing areas (i.e., bladder mapping). 

COCT diagnosis was given instantaneously using the following criteria: 1) a lesion with 

diminishing underlying morphology and increased urothelial heterogeneity (e.g., over 3-

fold thickened urothelium with varied local backscattering such as fibrovascular cores) 

was considered to be positive, 2) an area with clearly delineated and uniform urothelium 

(including inflammatory lesions in the underlying layers) was considered to be negative, 

and 3) a lesion with ultrahigh surface reflection and missing underlying morphology 

(e.g., necrosis or scar from prior TURBT) was considered to be negative. The duration of 

COCT diagnosis was less than 10 minutes per case. Routine cystoscopic evaluation was 

performed (by urologists only) regardless of COCT diagnosis (by urologists / OCT 

researchers). Subsequent pathological findings in these lesions, from either random 

biopsy or TURBT were identified while blind to prior clinical data (e.g., COCT, 

cystoscopy, cytology), and staged and graded by an independent pathologist. The 

histological image was then compared with the corresponding COCT cross-section whose 

surface image (cystoscopy) was cropped from the synchronized video clip. 
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3.2.4 Statistical Analysis 

 

The sensitivities and specificities of voided cytology, cystoscopy and COCT for 

detection of bladder cancer were computed with the final biopsied histological diagnosis 

serving as the gold standard. Their values were compared using chi-squares test or 

Fisher’s exact test, with p<0.05 considered statistically significant.  

 

3.3 Results 

 

For all 68 intraoperative cases, no complications were observed. Among 36 

cancer cases confirmed by histology, 34 were detected by COCT, 27 by cystoscopy, and 

only 17 were identified by cytology; whereas for all 32 histologically confirmed benign 

cases, 26 were detected by COCT, 20 by cystoscopy, and 24 identified by cytology. The 

detailed cancer diagnostic statuses calculated on per patient/case bases are indicated in 

Tab.3.1 (a). The positive and negative predictive values (PPV, NPV) were calculated 

accordingly as 85% and 93% for COCT, 64% and 65% for cystoscopy, and 85% and 

63% for cytology.  
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Fig. 3.2 In vivo surface, cross-sectional COCT and H&E stained histological images of 

normal human bladder versus a papillary TCC (pT1LG). Image sizes: 20mm (A/D) and 

4.6mm laterally by 2.1mm axially (B/E, C/F). The morphological details of normal bladder 

(B), e.g., urothelium (U), lamina propria (LP) and upper muscularis (M) were clearly 

delineated by OCT based on their backscattering differences; whereas those (e.g., LP, M) 

underneath papillary TCC (E) diminished. Solid arrows: subsurface blood vessels; dashed 

arrows: papillary features; dashed circle: TCC (low backscattering), identified by COCT 

based on increased urothelial heterogeneity; dashed line: boundary with adjacent normal 

bladder. Diagnoses of the normal bladder: COCT, cystoscopy and histology were all benign, 

voided cytology was positive. Diagnoses of papillary lesion: COCT, cystoscopy and histology 

were positive, cytology was benign. 

 

COCT identification of normal bladder was based on high-resolution delineation 

of bladder morphology. As shown in Fig. 3.2(B), urothelium (U) appears as a thin, 
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uniform and low-scattering superficial layer, lamina propria (LP) – composed of mostly 

collagenous fibers – as highly scattering and heterogeneous, and upper muscularis (M) as 

largely bifurcated collagen bundles, correlating well with histology (C). The urothelial 

thickness measured by COCT (89 ± 8.3m) closely matched that of histology (82.1 ± 

9.7m) and the inter-patient variation was found insignificant (p>0.82,n=25) if the 

bladder was distended properly, thus providing an important landmark for OCT 

diagnosis. For instance, the majority of inflammatory lesions might exhibit decreased LP 

scattering as a result of cystitis, edema or vasodilatation, but their urothelium remained 

thin, uniform and could thus be identified. Among the 6 false-positive lesions by COCT, 

5 were lesions with reactive giant cell components and scar tissue or metaplasia, and 1 

was necrosis mixed with fat tissue, all of which exhibited architectural similarity to TCC.  

COCT identification of TCC was based on enhanced urothelial heterogeneity 

and/or urothelial thickening attributed to random excessive growth of urothelial 

neoplasm. Fig. 3.2(E) shows the result of a typical papillary TCC (pT1LG). Compared to 

normal bladder in Fig. 3.2(B), the architectural boundaries between U, LP and M were 

disrupted in the bladder tumor. The large FOV of MEMS COCT permitted clear 

identification between TCC and the surrounding normal bladder, thus potentially 

allowing precise guidance for TURBT. In contrast to previous preclinical study
41

, 76% of 

human TCC exhibited no significant increase in backscattering but rather enhanced 

urothelial heterogeneity as indicated by the arrows. It is noteworthy that the stratified 

architectures (LP, M) underneath the TCC diminished, thus potentially compromising the 

staging ability of COCT for large papillary TCC to pT1 or lower stage. For instance, 
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COCT could stage this TCC as greater than T1 but was uncertain to differentiate it as T1 

or T2. Among all 25 papillary TCC cases, COCT detected 24 (96%) but missed 1 close to 

bladder neck; while cystoscopy detected all 25 (100%). 

 

Fig. 3.3 In vivo surface, COCT and H&E stained histological images of a recurrent TCC 

post TURBT (A-C) and a CIS (D-F). Yellow and white arrows (B): papillary features and 

scar or necrotic lesions. COCT differentiation of TCC (left circle) vs. scar (right circle) was 

based on low-scattering and papillary features in TCC vs. ultrahigh superficial scattering 

with abruptly diminished underlying architecture in scar or necrotic lesion, which was 

nonspecific under surface image (a). Arrows (E, F): blood vessels; The morphology (e.g., 

LP, M) under CIS (U*) diminished. CIS (dashed circle), which was slightly reddish and 

nonspecific under surface image (D), was low backscattering and identified by COCT based 

on increased urothelial heterogeneity and less distinguishable U’-LP interface. Diagnoses of 

TCC/scar: COCT and histology were positive; cystocopy and voided cytology were benign. 

Diagnoses of CIS: COCT and histology were positive; cystoscopy and voided cytology were 

benign.  
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Detection of recurrent tumor remains an unsolved clinical challenge for 

surveillance cystoscopy because bladder architecture was drastically altered by previous 

TURBT. Fig. 3.3(B) demonstrated the great potential of COCT to differentiate recurrent 

TCC from scar or necrosis because the latter exhibited excessive surface reflection with 

no underlying morphology. Among 4 of the 12 surveillance cases with recurrent cancers, 

COCT detected all 4 cases while cystoscopy missed 2. On the other hand, 5 of 6 false 

positive diagnoses of COCT were associated with previous resections, and 9 of 15 cases 

were for cystoscopy. In addition, Fig. 3.3(E) exemplifies the result of a CIS which 

remains a critical problem for clinical diagnosis due to its non-specific appearance under 

cystoscopy Fig. 3.3(D). The lesion under COCT showed no obvious urothelial 

thickening; instead, the backscattering decreased slightly in the urothelium (U*) but 

diminished drastically in the underlying LP likely due to coexisting inflammatory 

response so that the boundary between U’-LP was hardly distinguishable, which was later 

confirmed by histology Fig. 3.3(F). COCT detected 8 out of 9 histologically confirmed 

CIS lesions; in comparison, cystoscopy only detected 2. 

A total of 110 lesions were biopsied for histological analysis following COCT and 

cystoscopy diagnoses and entered as gold standard for statistical calculation. The 

diagnostic status calculated on a per lesion basis was summarized in Tab. 3.1(b), which 

demonstrated the utility of MEMS COCT to significantly enhance the sensitivity 

(p<0.018) of cystoscopy for superficial, low-grade tumors (pTa-1LG) and CIS (Tis), and 

of cytology for pTa-1LG tumors (p<0.001).  
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Table 3.1 Diagnostic sensitivities and specificities: 
a) calculated on a per case basis 

                 Methods 

Tumors 

OCT Cyst Cyto p-values 

n/N % n/N % n/N % OCT : Cyst OCT : Cyto Cyst : Cyto 

CIS (pTis) 2/3    66.7 0/3      0 3/3     100 0.400 1.000 0.100 

pTa-pT1 
LG 

HG 

12/12  100 8/12   66.7 0/10      0 0.093 0.0001 0.002 

6/6    100 6/6    100 1/3    33.3 1.000 0.083 0.226 

Superficial (<pT2) 20/21   95 14/21  66.7 4/16     25 0.044 0.0001 0.012 

≥pT2 14/15  93.3 13/15  86.6 11/13  84.6 1.000 0.583 1.000 

Sensitivity 34/36  94.4 27/36   75 17/29  58.6 0.022 0.005 0.160 

Specificity 26/32  81.3 17/32  53.2 24/27  88.9 0.017 0.488 0.003 

 

b) calculated on a per lesion basis 

                 Methods 

Tumors 

OCT Cyst Cyto p-values 

n/N % n/N % n/N % OCT : Cyst OCT : Cyto Cyst : Cyto 

CIS (pTis) 8/9    88.9 2/9    22.2 8/8     100 0.015 1.000 0.002 

pTa-pT1 
LG 

HG 

17/17  100 11/17  64.7 0/14      0 0.018 0.0001 0.0001 

9/9    100 8/9    88.9 4/6     66.7 1.000 0.143 0.525 

Superficial (<pT2) 34/35   97 21/35   60 12/28   42.9 0.002 0.0001 0.040 

≥pT2 17/18  94.4 16/18  88.9 14/16   87.5 1.000 0.591 1.000 

Sensitivity 51/53  96.2 37/53  69.8 26/44   59.1 0.0003 0.0001 0.271 

Specificity 51/57  89.5 42/57  73.7 45/48   93.8 0.030 0.436 0.007 

* Cyst: cystoscopy, Cyto: cytology; N: total number, LG: low grade, Superficial: all pTis and pTa-pT1 tumors. 

Cytology data for 12 cases were unavailable. 
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3.4 Discussions 

 

Early diagnosis transitional cell carcinoma remains a clinical challenge
31

. 

Cytology is highly sensitive in high-grade bladder tumor (e.g., HG or CIS)
34

, yet it relies 

on other imaging techniques to locate the cancerous lesions. White-light cystoscopy is 

currently gold standard for bladder cancer diagnosis and has proven highly effective for 

large papillary tumors as exemplified in Tab. 3.1. However, cystoscopy as an en face 

imaging modality can miss small sessile low-grade TCC and CIS which may appear 

normal or nonspecific, and relies on random biopsy for a conclusive diagnosis
31

. On the 

other hand, disrupted (altered) bladder surface by previous TURBT may result in 

difficulty differentiating recurrent tumors from scar, necrotic tissue or other inflammatory 

reactions. Interestingly, both the merits and limitations of cystoscopy and cytology were 

well reflected in this study (Tab. 3.1). 

In contrast to en face imaging, COCT enables cross-sectional imaging over 2mm 

of depths to delineate bladder epithelium, lamina propria and upper muscularis at a 

resolution (10m) close to histopathology
40

, offering great potential to overcome the 

limitations of conventional cystoscopy and provide more specific diagnosis of early 

bladder cancer. Previous preclinical and clinical studies demonstrated the feasibility of 

OCT for bladder cancer diagnosis
38, 39

. Here, we present a pilot study to further examine 

the utility and potential limitations for future clinical diagnosis, in particular, with the 

advantages resulting from technological advances in SDOCT and MEMS laser scanning 



 61 

catheter for enhanced image sensitivity, speed and increased FOV
41

. The large FOV of 

MEMS COCT enabled imaging of the transitional area of the lesion with adjacent normal 

bladder, critical to enhancing the diagnosis of bladder tumor and imaging guidance of 

TURBT. The technical modification for our COCT merely involved coupling the OCT 

catheter via the instrument channel of a conventional 22Fr rigid cystoscope
43

. Moreover, 

simultaneous surface image guidance and the touch-on-focus capability drastically 

enhanced the diagnostic efficacy to allow COCT exam of the entire bladder including 

bladder mapping in less than 10 minutes. For the 68 consecutive cases performed 

intraoperatively, no adverse events were observed. The COCT system was custom made 

in our lab for under $20k, which should be affordable for future clinical adoption. 

The preliminary clinical results presented in Tab. 3.1 implied that conventional 

cystoscopy was sufficient for the diagnosis of large papillary tumors (e.g., pT2, pTa-

1HG) counting for the majority (21/36(60%) of the cancer cases. The major improvement 

of COCT was for the diagnosis of superficial pTa-1LG tumors (12/12 vs. 8/12, p<0.01) 

and CIS (8/9 vs. 2/9 lesion based, p=0.015). However, it is noteworthy that only 3 pure 

CIS cases were encountered (p=0.4), so more CIS enrollment is needed to evaluate the 

statistical significance between COCT and cystoscopy on a per case basis (all other 6 CIS 

cases coexisted with TCC). COCT diagnosis was based on identification of decreased 

urothelial backscattering with enhanced heterogeneity and diminished U-LP interface
38, 41

 

(Fig. 3.3E), possibly as a result of enlarged nuclei of CIS cells that favor forward 

scattering. More quantitative study is needed to compare the difference between CIS and 

flat dysplasia. An ultimate solution will likely demand subcellular imaging differentiation 
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for which our recent invention based on time-lapse ultrahigh-resolution OCT has shown 

great promise
44

.  

The rigid COCT missed 1 tumor in retro area close to bladder neck, but this 

problem can now be tackles by our new flexible COCT catheter. It was interesting to 

observe the ability of COCT to detect all 6 recurrent TCCs from scar or necrotic lesions 

induced by previous resections which cystoscopy missed (e.g., 2 pT2 tumors), thereby 

eliminating unnecessary multiple biopsies and reducing false negative rates of recurrent 

tumors. Nevertheless, due to disruption of stratified bladder architectures (U, LP, M), 5 

out of all 6 false-positive rates of COCT were for surveillance cases. In addition, it is 

crucial to point out that due to increased urothelial heterogeneity, visualization of the 

underlying structures (e.g., LP, M) was hampered resulting in limited local staging for 

large papillary TCC (e.g., pT1 or higher). However, our recent preclinical study
45

 

suggested that OCT combining with high-frequency ultrasound (HFUS) could 

complement each other and thus enhance both bladder cancer diagnosis and extend tumor 

staging to pT2 or higher.  

 

3.5 Conclusions 

 

In conclusion, results of intraoperative MEMS-based COCT on the first 56 

patients revealed a significant improvement on the sensitivity (94% vs. 75%) and 

specificity (81% vs. 53%) over cystoscopy in the diagnosis of bladder cancer (p<0.05). 

The major impact was on small superficial low-grade tumors and carcinoma in situ as 
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well as the detection of recurrent tumors found in surveillance cystoscopy, rendering it a 

promising adjuvant ‘optical biopsy’ for early detection of non-papillary bladder cancers 

and image guided therapies. However, considering that intraoperative patients were 

biased by either more advanced tumors or more complicated cases, the result must be 

further examined in a more randomized study such as in office diagnosis which is being 

evaluated by incorporating our newly developed high-performance flexible COCT 

technology.  
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Chapter 4 Flexible Hybrid Cystoscopy/Optical 

Coherence Tomography for Early Bladder Cancer 

Diagnosis and Guided Tumor Resection 

4.1 Introduction 

 

Effective treatment of bladder cancer following early diagnosis plays an important 

role in the clinical bladder cancer management. Currently, transurethral resection of 

bladder tumor (TURBT) remains the standard procedure for bladder cancer treatment
46

. 

As a surgical procedure, complete resection is critical in order to minimize the 

reoccurrence rate. Therefore, tumor boundary determination during TURBT is crucial. At 

present, TURBT is performed under the guidance of white light cystoscopy. However, as 

an en-face imaging modality, white light cystoscopy shows its limitations in flat tumor 

detection, in particular, carcinoma in situ (CIS).
47

 Thus, there is a clinical demand for 

more accurate surgical guidance of TURBT.  

Optical coherence tomography (OCT) is an enabling technique which can image 

the subsurface structure at 1~10µm resolution noninvasively in vivo.  Based on more than 

200 clinical cases in our previous studies, MEMS mirror based rigid cystoscopic OCT 

was demonstrated to be able to faithfully provide high quality images to enable early 
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diagnosis of bladder cancer with both high sensitivity and high specificity.
7
 However, 

encountered during the clinical studies, the mechanical property of the MEMS mirror 

endoscope restricted it from even wider applications.  For instance, in some clinical 

cases, the bladder tumors are located close to the bladder neck, making it impossible for 

the rigid MEMS endoscope to access, and therefore were missed during the diagnoses. 

Moreover, in order to enable even earlier stage bladder cancer detection, outpatient 

screening is preferred. However, the large size of the current MEMS endoscope allows it 

to be used only in the operating room environment. In this Chapter, we first describe the 

optical and mechanical design of a flexible miniature OCT probe, and then briefly 

introduce the system setup of the hybrid cystoscopy/OCT. In order to validate the system 

performance, both preclinical and clinical studies were performed in vitro and in vivo. In 

the end, we will discuss the image optimization procedures through post image 

processing. 

 

4.2 Materials & Methods 

 

4.2.1 Flexible Endoscopic OCT Probe: Optical Design 

 

The development of the flexible endoscopic OCT probe involves both optical and 

mechanical design.  Fig. 4.1 illustrates the optical design of the flexible cystoscopic OCT 

probe.  
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A single mode SMF-28 bare fiber was employed to couple the laser light into the 

OCT probe. Inside the probe, an 8 degree angle cut glass spacer and an AR coated GRIN 

lens were aligned to form a long working distance (~1.8mm) fiber focuser.  This 8 degree 

design was adopted to minimize the back reflection from the spacer-lens interfaces. On 

the other end of the fiber focuser, a right angle micro prism was attached onto the end-

face of the GRIN lens to enable side-view. Light exiting the fiber end-face passes through 

the glass spacer, focused by the GRIN lens, and then deflected 90 degree by the micro 

prism through total internal reflection. The working distance calculated from the prism 

surface is 0.7~ 0.8mm, which enables laser beam to be focused ~ 100µm below the tissue 

surface.  

 

Fig. 4.1 Optical design of the flexible cystoscopic OCT probe. 

 

In order to protect the probe, and to guarantee clinical safety, a translucent plastic 

(FEP) tube will be added outside of the OCT probe. Because of the 90 degree deflection, 

the OCT beam will always be perpendicular to the plastic tube, and will therefore induce 

strong back reflection and severe auto-correlation artifacts. To solve this problem, an off-

center design was proposed. In this design, the bare fiber was intentionally shifted off-

center to achieve a 49 degree illumination angle between the laser beam and the normal 

plane of the prism hypotenuse surface. Upon back reflection from the inner surface of the 
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plastic tube, laser beam will be shifted 4 degree and focused onto the lower part of the 

GRIN lens, and will not be able to couple back into the single mode fiber. However, it 

has to be noted that this design works only for highly scattering samples (e.g., biological 

tissue). For samples with specular reflectance, the imaging efficiency is substantially 

reduced.  

 

4.2.2 Flexible Endoscopic OCT Probe: ZEMAX Simulation 

 

Due to the refractive index differences, the translucent FEP tube on the optical 

pathway also functions as a low power cylinder lens. Based on the theoretical analysis, 

this cylinder lens will not only extend the focal length of the fiber focuser, but also distort 

the wave front and induce aberrations. To quantitatively analyze the cylinder lens effects, 

a ZEMAX simulation was performed.  

 

Fig. 4.2 ZEMAX model of the designed flexible endoscopic OCT probe. 

 

Fig. 4.2 shows the 3D shaded ZEMAX model of the designed flexible endoscopic 

OCT probe. In this model, the single mode fiber was attached onto the surface of a 

1.42mm long BK7 glass spacer, and then a 1mm GRIN lens from GRINTECH was 
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employed as the focus unit. Beam exiting the GRIN lens was deflected by a 0.7mm micro 

prism and focused 0.7mm outside of the prism surface. The corresponding modulation 

transfer function (MTF) and spot diagram are illustrated as below in Fig. 4.3 and Fig. 4.4. 

 

Fig. 4.3 Modulation transfer function (MTF) of the OCT probe without cylinder lens. 
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Fig. 4.4 Spot diagram of the OCT probe without cylinder lens 

 

Then the cylinder lens, with a thickness of 0.2mm which corresponds to the wall 

thickness of the tube, was added into the system. Without changing the alignment, the 

working distance was extended 90µm longer, and the updated MTF and spot diagram are 

shown in Fig. 4.5 and Fig. 4.6 respectively.  
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Fig. 4.5 Modulation transfer function (MTF) of the OCT probe with cylinder lens. 

 

A comparison of Fig. 4.5 with Fig. 4.3 shows that: 1) because of the cylinder lens 

effect, even at diffraction limit, the MTF at the tangential plane is poorer than that at 

sagittal plane. 2) With aberrations induced by the cylinder lens, the system MTF dropped. 

A comparison of Fig. 4.6 with Fig. 4.4 shows that the spot size increased substantially. 

However, with the analysis results in mind, we can adjust the alignment parameters to 

compensate the cylinder lens effect. By properly adjusting the length of the glass spacer, 

the FEP tube induced cylinder lens effect can be minimized. 
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Fig. 4.6 Spot diagram of the OCT probe with cylinder lens 

 

4.2.3 Flexible Endoscopic OCT Probe: Mechanical Design 

 

For side-view OCT imaging, two scanning protocols can be considered. One is 

the rotational scan, which is the perfect choice for tubular structure imaging (e.g., vessel, 

colon). The other one is the translational scan, which enables large field of view imaging 

for flat tissue. Since human bladder surface can be considered quasi-flat within a certain 

area, here we adopt the translational scan as our scanning protocol. 

To enable translational OCT scan, a four-layer mechanical structure was 

designed. The inner most layer is the single mode bare fiber. A torque transmission 

flexible metal coil was coated onto the single mode fiber to enable torque transmission 

from the motor scanner to the OCT probe and functions as the second layer. Then a piece 
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of flexible hollow core metal sheath was inserted into the plastic FEP tube to provide 

mechanical support. During the imaging, the forth layer (FEP tube) was inserted into the 

working channel of the commercial cystoscope, while the first and second layers were 

fixed onto a linear high speed translation stage (PILine  M663.465, Physik Instrumentet, 

USA) and scanned inside of the third layer. This mechanical design enables fast 

sterilization, quick replacement and easy assembling. The final flexible OCT probe is 

shown in Fig. 4.7. 

 

4.2.4 Flexible Hybrid Cystoscopy/OCT 

 

The flexible hybrid cystoscopy/OCT platform was developed by integrating a 

flexible endoscopic spectral domain OCT system into a commercial flexible cystoscope. 

As shown in Fig. 4.7 a), the SDOCT engine was upgraded from our MEMS OCT system 

reported previously. A broadband light source at 1310nm central wavelength with ~90nm 

bandwidth was employed to illuminate the fiberoptic Michelson interferometer. A 50/50 

fiber coupler was applied to split the light into sample and reference arms. In the 

reference arm, the laser beam was first collimated, focused by an achromatic lens onto a 

high reflection mirror, and then reflected back to the fiber coupler. In the sample arm, the 

light was guided into the flexible OCT probe, and focused ~100µm below the tissue 

surface. The back scattered light was then collected by the OCT probe and interfered with 

the reference beam inside the fiber coupler. The interference fringes were then detected 
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by a high speed broadband spectrometer located in the detection arm. The axial and 

lateral resolutions of the system are 8µm and 12µm respectively. 

 

Fig. 4.7 System setup of the hybrid cystoscopy/OCT a), and the design of the FCOCT probe 

b,c,d). 

 

Fig. 4.7 b), c) and d) show the design of the flexible OCT probe. An Olympus 

CYF-4 flexible cystoscope was chosen as the target, which provides a large field of view 

(i.e., 120º) with intermediate working channel size (i.e., 2.4mm). As shown in Fig. 4.7 c), 

the outside diameter of  the  OCT probe is 2mm, and the imaging field of view can be 

>15mm.  
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4.2.5 Clinical Protocol 

 

Seven subjects were examined in vivo prior to the biopsy or potential TURBT 

procedures in the operating room. All of the studies were performed after approval by the 

Stony Brook University Institutional Review Board and patients’ informed consents. 

Healthy control subjects were not recruited for this study. 

 

4.3 Results 

 

Fig. 4.8 shows the image results of normal, TCC and CIS bladder samples 

obtained by the flexible cystoscopic OCT (FCOCT). Surface images were captured 

through the white light cystoscopy channel. Panel a) shows the image of a normal human 

bladder. Cross sectional OCT scan was performed at the location marked by the white 

dashed line in panel a), and the acquired OCT structural image is shown in panel b). 

Because of the high resolution, FCOCT clearly delineated the bladder layers based on 

their back scattering differences. Urothelium (U) appears as a thin layer on the top with 

low-scattering, lamina propria (LP) as highly scattering and nonuniform layer in the 

middle, and muscularis (M) as bifurcated collagen bundles at the bottom. Panel c) shows 

the surface image of a TCC sample, and panel d) is the corresponding OCT image. 

Compared with the normal sample in panel b), backscattering from TCC tissue appears 

lower and more heterogeneous. Panel e, f) represent the results from a CIS sample. The 
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surface image in panel e) shows little reddish symptom, which is nonspecific and can be 

misinterpreted as hemorrhage. However, OCT image in panel f) clearly differentiates it 

from normal bladder sample in panel b). Due to the heterogeneous growth and 

distribution of the cancer cells, structure information is diminished in the CIS sample, 

and the backscattering is decreased. 

 

Fig. 4.8 Results of normal, TCC and CIS bladders from the FCOCT platform. 

 

A distinctive advantage of FCOCT is the large field of view, which is critical for 

tumor boundary detection during TURBT. Fig. 4.9 shows the boundary delineation 

capability of FCOCT for CIS and TCC samples. Fig. 4.9 a) shows the surface image of a 

small CIS lesion. The location where OCT scan was performed was marked by the white 
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dashed line. Fig. 4.9 b) illustrates the boundaries between normal bladder and CIS lesion 

detected by FCOCT.  As a flat lesion, CIS remains a clinical challenge. With the cross 

sectional imaging feature, FCOCT differentiated CIS from normal bladder by detecting 

the loss of subsurface layer structure. Fig. 4.9 c) shows the surface image of a papillary 

TCC lesion. The corresponding OCT result in Fig. 4.9 d) delineated the boundary based 

on the scattering differences, and correlated well with the surface image.   

 

Fig. 4.9 Results of transition parts in bladder from FCOCT platform. 

 

Fig. 4.10 Results of a cured bladder with Bacillus Calmette-Guérin (BCG) treatment 

history. 
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Bacillus Calmette-Guérin (BCG) instillation is a standard clinical procedure for 

superficial bladder cancer treatment. A typical symptom after BCG treatment is the 

existence of granulomatous cystitis in the muscularis layer. Fig 4.10 shows the results of 

a cured bladder with BCG treatment history. The dark circular shape inside the 

muscularis layer represents the BCG induced granulomatous cystitis. With this unique 

feature detected, we can predict that the subject had a history of superficial bladder 

cancer. 

 

4.4 Discussions 

 

Early diagnosis is crucial for bladder cancer management. Outpatient screening 

provides excellent time window for potential early detection. Flexible cystoscopic OCT 

overcomes the mechanical limitations of the MEMS OCT, and is therefore more suitable 

for outpatient diagnosis. Moreover, since the probe is flexible, even for tumors located 

close to the bladder neck, which were not accessible by MEMS OCT, can now be readily 

detected by the FCOCT. Last, FCOCT is far more robust to mechanical vibrations, 

sterilizations and chemical erosions compared with the MEMS OCT.  

Complete tumor resection plays equal important role as accurate diagnosis for 

bladder cancer management. Clear tumor boundary delineation on site during TURBT is 

critical to enable complete resection. The large field of view of FCOCT provides the 

potential to image both the normal and tumor parts simultaneously in one image. Due to 



 78 

the backscattering heterogeneity associated with the tumor tissue, the tumor boundary can 

then be accurately determined.  

The construction of the FCOCT probe involves a four-layer structure design. The 

corresponding multiple interfaces on the optical pathway induce artifact lines on the final 

reconstructed image. These artifact lines can be removed manually through post image 

processing. However, it is time consuming and labor intensive. More importantly, for 

future 3D imaging, huge data sets will be generated continuously. It will be difficult if 

not impossible to remove these artifact lines manually. Here, we propose a new method 

to accurately remove the artifact lines automatically through a computer vision approach- 

Hough transform.  

The basic principle of Hough transform is that a straight line in the spatial domain 

will be transformed as a bright spot in the Hough domain.
48

 By detecting the peak points 

in the Hough domain, the locations of the straight lines in the spatial domain can then be 

identified. As shown in Fig. 4.11 a), the upper panel shows two lines intersect with each 

other in the spatial domain, while the corresponding image in the Hough domain only 

shows two shining points. However, the location information of the points in the Hough 

domain fully encodes the location information of the lines in the Hough domain.  Fig. 

4.11 b) shows a typical cross sectional OCT image from our FCOCT system. A deep 

penetration depth of about 1.2mm was achieved on the human bladder in vivo. More 

importantly, the three-layer bladder structure was clearly visualized. However, the 

artifact line in the middle of the OCT image obscures part of the useful structure 

information, and is constantly changing at different system configurations. The Hough 
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transform based line artifact removal algorithm was applied on Fig. 4.11 b), and the 

processed image is shown in Fig. 4.11 c). Compared with Fig. 4.11 b), the line artifact 

was removed completely without affecting the original OCT image quality.  It is 

noteworthy that since this is an automatic approach performed in MATLAB, it can 

perform very fast and objectively, which is an ideal choice for future 3D FCOCT 

imaging. 

 

Fig. 4.11 Hough transform based approach to remove the artifact lines in OCT image 

 

4.4 Conclusions 
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In this chapter, we report on a newly developed flexible cystoscopic OCT system 

for early bladder cancer diagnosis and guided tumor resection. The flexible and miniature 

design overcomes the limitations of our previous MEMS OCT probe, enabling full access 

to the bladder surface including bladder neck and has the great potential for future 

outpatient applications.  With the unique feature of large field of view, tumor boundaries 

can be delineated on site in real time, enabling accurate and complete resection of bladder 

tumor to minimize reoccurrence rate. A new computer vision based Hough transform 

approach was also proposed to eliminate the artifacts induced by the flexible probe.  
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Chapter 5 Quantitative 3D OCT to Enhance Diagnosis 

of Bladder CIS 

5.1 Introduction 

 

Non-muscle invasive transitional cell carcinoma (TCC) accounts for over 70% of 

the newly diagnosed bladder cancer cases
49

, among which carcinoma in situ (CIS) is a 

flat, high-grade, and noninvasive intraurothelial cancer and has a high risk of aggressive 

cancer progression. However, early diagnosis of CIS, crucial to the therapeutic treatment, 

remains a clinical challenge
31

. Although urinary cytology
50

, fluorescence in situ 

hybridization (FISH)
51

, and bladder tumor antigen tests (BTA)
32

 are highly sensitive to 

high-grade TCC (e.g., CIS), they are unable to locate these lesions to effectively guide 

transurethral resection and therapy. Cystoscopy via en-face imaging of bladder lumen 

under white-light illumination is the clinical standard for bladder cancer diagnosis. 

However, owing to its unspecific appearance, cystoscopy often fails to identify CIS and 

relies on random biopsy for a conclusive diagnosis, which may miss 30%~60% of CIS 

lesions.
47

  

Recent clinical studies shed some light on the potential of new imaging 

techniques such as fluorescence cystoscopy and narrow-band imaging for improving the 
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detection of non-muscle invasive TCC (NMI TCC).
37, 52-54

 Optical coherence tomography 

(OCT) is an emerging imaging technique that enables noninvasive cross-sectional 

imaging of urinary bladder (e.g., urothelium, laminar propria, and muscularis) at a high 

resolution (e.g., 1~10um) over ~2mm of depth. Preclinical and clinical studies
7, 36, 38, 41

 

demonstrate the potential of cystoscopic OCT to significantly enhance white-light 

cystoscopy in the diagnosis of NMI TCC (e.g., CIS). In addition, our recent advances in 

time-lapse ultrahigh-resolution OCT
44, 55

 permit subcellular imaging differentiation of 

normal and cancerous urothelia, which is promising for future ‘optical biopsy’ of CIS. 

While 2D OCT enables delineation of bladder morphology and detection of bladder 

tumors, the diagnosis is based on qualitative identification and thus likely subject to 

change depending on the location of OCT scan and physician’s interpretation of the 

image feature. Recently, there has been increasing interest in quantitative OCT image 

analysis with computer-aided detection to eliminate diagnostic subjectivity and thus to 

allow for more affirmative identification and further enhanced diagnosis of complicated 

TCC, especially CIS. Computation-intensive numerical approaches such as center-

symmetric auto-correlation and texture analysis have been applied to 2D OCT, e.g., of 

skin, esophagus, and bladder to improve the detection
56-58

. In this Chapter, we present a 

new quantitative method to enhance the diagnosis of CIS based on 3D OCT to evaluate 

the increased urothelial heterogeneity induced by carcinogenesis. Experimental validation 

is conducted using a transgenic bladder CIS model, allowing us to examine the efficacy 

of this 3D OCT technique to enhance white-light imaging (resembling cystoscopy) and 

2D OCT for CIS diagnosis. 
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5.2 Materials and Methods 

 

5.2.1 Transgenic CIS model 

 

A rodent bladder cancer model (SV40T) was employed in this study. SV40T 

transgenic mice by expressing simian virus 40T antigen in their urothelium (driven by 

uroplakin II promoter) routinely develop CIS at 8-20 weeks of age and then high-grade 

papillary carcinoma in their bladder according to recent studies.
59

 A close colony of 

inbred transgenic mice (N=40) from a primary SV40T transgenic strain kindly provided 

by Dr. Wu’s lab were used in the experiment and their genotyping for SV40T was 

verified by PCR on DNA from tail biopsy. In addition, 10 CFW mice were included in 

the control group. All animal procedures were performed in compliance with the animal 

care regulations approved by the Stony Brook University Animal Care and Use 

Committee. 

 

5.2.2 3D OCT Image Acquisition 

 

At 8-20 weeks of age (mean age: 14wks) when CIS was present in SV40T mice, 

2D enface white-light and 3D OCT images were acquired from SV40T and CFW mice 

(blinded). The mice were euthanized using anesthetic overdose and the intact bladder was 

removed by a midline laparotomy incision, opened from the urethra to the dome and 
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mounted uniformly on a custom 12mm ring holder placed in a modified Ringer's buffer 

solution (37
0
C, pH7.4) to undergo ex vivo imaging evaluations. Enface image 

(resembling cystoscopy) of each bladder specimen was taken by a white-light cystoscope 

over a field of view (FOV) of 11mm using a high-sensitivity digital video camera 

previously used in our clinical studies.
7
 Instantaneous 3D OCT image was obtained using 

our spectral-domain OCT system (SDOCT) which was able to acquire 400 2D OCT 

images. The 3D OCT prototype was upgraded from our 2D SDOCT system reported 

previously
7
, in which a broadband source at λ=1310nm central wavelength with a 90nm 

spectral bandwidth (i.e., coherence length Lc≈8.4µm) was employed to illuminate a 

fiberoptic Michelson interferometer and a green laser at λ=532nm was coupled to guide 

image acquisition. The sample arm was connected to a handheld probe in which light 

exiting the optical fiber was collimated, steered by high-speed 2D servo mirrors, and then 

focused onto the bladder surface with a NA/0.1 achromate. The retroreflected light beams 

from both sample and reference arms were recombined in the detection arm, spectrally 

diffracted, focused by a lens system to be detected by a high-speed linear InGaAs array 

Camlink interfaced with a PC at 47kHz per A-scan. The spatial resolution was ~10m, 

the system dynamic range was >110dB, and a large 3D image volume (FOV=524mm
3
) 

could be acquired within 4s.  

 

5.2.3 3D OCT Image Analysis 
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As previously outlined, each A-scan was retrieved by inverse fast Fourier 

transform (FFT) from the acquired spectral interferogram so that 2D and 3D OCT images 

were reconstructed in a way similar to ultrasound B-mode and 3D images. OCT diagnosis 

of CIS was based on evaluating the enhancement in urothelial heterogeneity induced by 

carcinogenesis; therefore, minimizing speckle noise was crucial which was difficult for a 

thin normal urothelium or CIS lesion. This was because with limited urothelial thickness, 

more lateral averaging was needed which tended to diminish the architectural 

heterogeneity induced by CIS. Image processing methods were applied, including 3D 

segmentation of urothelium and cubic low-pass filtering to reduce speckle noise and 

enhance edge contrast. Image registration was applied to compensate topographic 

changes of the segmented urothelium and to allow for reconstruction of a speckle-

minimized enface urothelial image (i.e., C-mode OCTxy , averaged 8 pixels in depth 

direction). To enable computer-aided detection, two types of texture features, i.e., 2D 

power spectral graph/profile (2D FFT) and 2D standard deviation map (2D STD) were 

extracted to quantify architectural heterogeneity and thus to detect CIS more accurately 

and objectively. To minimize computation, an area of interest (ROI) over 200400 pixels 

was randomly selected for 2D FFT analysis and 4th-order polynomial fitting was applied 

to calculate the spectral power profile (fx,y) whose 2nd-order derivative ”(f) was used 

as the target function to represent the architectural heterogeneity (i.e., spectral 

components induced by structural variations at a higher frequency against the base power 

spectrum). In addition, 55 binning was applied to OCTxy to calculate 2D STD map and 

its mean (  ) and histogram (FWHM) so that both global and local heterogeneous 
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properties can be represented for CIS detection. The threshold values (”(f0.1)<-0.2, 

 >13) for final quantitative diagnoses were preselected from the first 10 specimens (5 

SV40T mice, 5 controls).  

 

5.2.4 Statistical Analysis 

 

The sensitivities and specificities for both 2D and 3D OCT diagnoses were 

computed from the frequency tables with the corresponding H&E stained histological 

evaluation serving as the gold standard. Their values for 3D OCT were compared with 

the 2D counterparts using chi-squares test or Fisher’s exact test, with p<0.05 considered 

statistically significant.  

 

5.3 Results 
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Fig. 5.1 Results of a normal mouse bladder. a) surface image; b) 3D OCT of the region 

landmarked with a dashed rectangle in a); c, d) 2D OCT and the corresponding histology of 

the cross-section highlighted in b); e) 2D enface OCTxy of the blue box indicated in 3D OCT 

b); f) 2D FFT of OCTxy in e); g) 2D FFT profile of f); h) STD map or histogram of OCTxy 

under 55-pixel binning and the calculated mean of standard deviation and variation for 

normal bladder were  =12.8 and FWHM=4.4, respectively 

 

Owing to its high spatial resolution (e.g., 10m) and intermediate imaging depth 

(e.g., up to 2mm), OCT enables delineation of the morphological details of bladder, e.g., 

urothelium (U) as a low-scattering thin layer, lamina propria (LP) as a high-scattering 

underlying layer, and muscularis (M) as a thick layer with large bifurcated collagen fiber 

bundles. OCT diagnosis of normal bladder (including benign inflammatory lesions) was 
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based on high-resolution delineation of thin and uniform urothelium. Fig. 5.1 exemplifies 

the results of a normal mouse bladder. Surface image (a) which resembled white-light 

cystoscopy showed a typical normal-appearing bladder surface in which a dashed 

rectangle landmarked the region of 3D OCT (b). Cross-sectional OCT image (c) clearly 

identified 3 bladder layers (i.e., U, LP and M) based on their backscattering differences 

and correlated well with the corresponding histology (d). Importantly, enface OCTxy 

image (e) processed from 3D OCT (b) over a randomly selected ROI (blue square) 

showed the architectural uniformity and smoothness within the urothelium after speckle 

reduction. Quantitative analyses with 2D FFT graph (f) and FFT profile (g) exhibited a 

power spectral distribution predominantly in the low spectral range (e.g., fx,y<0.1), 

indicative of urothelial homogeneity. Collaterally, the low mean standard deviation 

( =12.8) and variation (FWHM=4.4) in STD histogram (h) correlated well with the low 

local structural variations in normal urothelium. Statistical analysis revealed that the 

characteristic features presented in Fig. 5.1 were fairly consistent among all normal 

bladder samples (e.g., with less than 10% variation). 
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Fig. 5.2 Results of CIS in a SV40T mouse bladder. a) surface image; b) 3D OCT of the 

region landmarked with a dashed rectangle in a); c, d) 2D OCT and the corresponding 

histology of the cross-section highlighted in b); e) 2D enface OCTxy of the blue box indicated 

in 3D OCT b); f) 2D FFT of OCTxy in e); g) 2D FFT profile of f); h) STD map under 55-

pixel binning and the calculated mean of standard deviation and variation of this early CIS 

bladder were increased to  =15 and FWHM=6.4, respectively. 

 

OCT identification of CIS was based on enhanced heterogeneity in terms of 

urothelial backscattering resulted from random growth involved in carcinogenesis (e.g., 

enlarged nuclei in CIS cells) as exemplified in Fig. 5.2. Surface image (a) showed no 

specific difference to normal bladder in Fig. 5.1(a), thus precluding differentiation of 

CIS. Moreover, the gross morphology (e.g., U, LP, M) shown in 3D OCT (b) and 2D 



 90 

OCT (c) is almost identical to that of a normal bladder except minor urothelial thickening 

on the left side, which could be missed as artifacts induced by bladder stretching or 

urothelial hyperplasia. However, subtle architectural changes induced by CIS were well 

presented by enhanced urothelial heterogeneity, e.g., dark shadows in enface OCTxy (e). 

Further FFT analyses indicated that the power spectrum (f) was broadened resulted from 

increased heterogeneity; in addition to the base spectral distribution centered at around 

fx,y=0, a sidelobe was readily identified at fx,y0.1 in the FFT profile (g) likely due to the 

shaded textures in enface OCTxy (e). For computer-aided detection of CIS, quantitative 

analysis showed that ”(f0.1) decreased to -0.5 from 2 for normal bladder in Fig. 

5.1(h), where ”(f0.1) -0.2 was used as thresholding in our quantitative diagnosis to 

represent the sidelobe (i.e., heterogeneity) induced by CIS. Meanwhile, the standard 

deviation increased 20% to  =15 and its variation increased 46% to FWHM=6.4 due to 

increased urothelial heterogeneity.  

Fig. 5.3 shows the results of a more ‘advanced’ CIS case. Similar to Fig. 5.2, 

surface image (a) was unable to detect CIS and 2D OCT showed no specific difference of 

bladder morphology except minor thickening over the entire urothelium. Yet, enface 

OCTxy (e) was able to clearly identify structural heterogeneity with more dark shadows 

than in Fig. 5.2(e). Quantitative analyses revealed a stronger sidelobe around f0.1 in 2D 

FFT graph (h) and a significant decrease of ”(f0.1) to -3.5, indicating increased high-

frequency components corresponding to increased texture features. Accordingly, the STD 

histograph (h) was broadened with   increased 70% to 21.7 and FWHM increased 109% 

to 9.2, showing significantly enhanced urothelial heterogeneity induced by CIS. 
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Fig. 5.3 Results of ‘advanced’ CIS in SV40T mouse bladder. a) surface image; b) 3D OCT of 

the region landmarked with a dashed rectangle in a); c, d) 2D OCT and the corresponding 

histology of the cross-section highlighted in b); e) 2D enface OCTxy of the blue box indicated 

in 3D OCT b); f) 2D FFT of OCTxy in e); g) 2D FFT profile of f); h) STD map under 55-

pixel binning and the calculated mean of standard deviation and variation of this 

‘advanced’ CIS bladder were increased to  =21.7 and FWHM=9.2, respectively. 

 

A total of 50 mice (i.e., 40 SV40T mixed with 10 CWF) were enrolled in the 

study; however, 14 SV40T mice were excluded for exhibiting exophytic papillary bladder 

tumors. Among 23 pure CIS samples later confirmed by histology, 22 were detected by 

3D OCT, 13 were detected by 2D OCT, and none was differentiable with surface 

imaging; whereas for all 13 histologically confirmed normal or benign samples (3 were 

SV40T mice), 12 were detected by 3D OCT and 8 by 2D OCT. The detailed diagnostic 
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status calculated on a per sample basis was summarized in Tab. 5.1, which indicated that 

surface imaging failed to detect CIS in SV40T mice and 2D OCT was unable to provide 

effective diagnosis. In contrast, 3D OCT was able to significantly enhance the diagnostic 

sensitivity and specificity of CIS to 95.7% and 92.3%, respectively (p0.031). 

Table 5.1 Diagnostic sensitivities, specificities, PPV and NPV 

         Methods 

Results 

3D OCT 2D OCT Cyst p-values 

n/N % n/N % n/N % 3D: 2D 3D: Cyst 2D: Cyst 

CIS (pTis) / Sensitivity 22/23   95.7 13/23   56.5 12/23   52.2 0.001 <0.001 0.767 

Benign / Specificity 12/13   92.3 8/13    61.5 7/13    53.8 0.031 0.027 0.691 

PPV 22/23   95.7 13/18   72.2 12/18   66.7 0.018 0.014 0.717 

NPV 12/13   92.3 8/18    44.4 7/18    38.9 0.003 0.003 0.735 

* Cyst: cystoscopy resembled by surface imaging, N: total number, PPV, positive 

predictive value, NPV, negative predictive value. 

 

5.4 Discussions 

 

Noninvasive early diagnosis of CIS remains a clinical challenge.
31

 While white 

light cystoscopy (following urine cytology) is the current clinical standard for the 

diagnosis of NMI TCC, it often fails to detect CIS because of its flat and nonspecific 

appearance and replies on random biopsy which may miss 60% of CIS lesions.
47

 Recent 

advances in endoscopic subsurface imaging techniques (e.g., 2D cross-sectional OCT) 

may permit high-resolution imaging identification of architectural features underneath the 

bladder surface and have shown promising outcomes based on preliminary clinical 
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validation studies of our group and of others
7, 36, 38, 41

 Yet, OCT diagnosis of epithelial 

cancers, e.g., TCC conducted so far has been primarily based on imaging identification of 

bladder layers and abnormal architectural variations in the urothelium (e.g., urothelial 

thickening, increases in urothelial backscattering and/or heterogeneity), which relies on 

examiner’s interpretation of OCT image features and the diagnostic results can be 

subjective. Therefore, quantitative OCT image analysis and differentiation with 

computer-aided detection is highly desirable for enabling objective and more accurate 

diagnosis of highly complicated bladder cancer cases, particularly for CIS. 

 

Fig. 5.4 A comparison between FFT profiles calculated from 2D and 3D OCT. a, c) FFT 

profiles of normal bladder and of CIS computed from 2D OCT, in which severe speckle 

noise buried the spectral components of the texture changes induced by CIS; b, d) FFT 

profiles of the normal bladder and of CIS computed from 3D OCT, in which random 

speckle noise was effectively minimized so that the spectral components of the texture 

changes induced by CIS was readily differentiated to enable quantitative diagnosis with 

computer-aided detection. 

 



 94 

A major clinical challenge encountered in our pilot study on cystoscopic OCT 

diagnosis of TCCs lies in the fact that unlike animal cancer models, almost 75% of NMI 

TCC cases exhibited no obvious increase in urothelial backscattering
41

; therefore, one of 

the primary diagnostic criteria for NMI TCC diagnosis was based on detection of 

increased urothelial heterogeneity induced by carcinogenesis. However, the inherent 

speckle noise in OCT image may compromise OCT diagnosis because of difficulties in 

separating speckle noise or patterns from architectural texture features; therefore, 

effective speckle reduction is crucial to improving OCT image identification and cancer 

diagnosis, and quantitative image analysis with computer-aided detection can potentially 

further enhance the diagnosis of TCC and improve diagnostic subjectivity to allow for 

physician’s independent diagnosis. In fact, there has been increasing interest in 

quantitative OCT analysis with computer-aided detection to enable more reliable 

identification and enhanced diagnosis of skin, esophageal, and bladder tumors. Numerical 

approaches, including center-symmetric autocorrelation and texture analysis have been 

applied to OCT images to analyze the morphological changes resulted from cancer 

growth.
56-58

 However, these methods were based on image processing of 2D OCT which 

might vary dramatically from cross section to cross section and be difficult for effective 

speckle reduction. This could be particularly challenging in quantitative diagnosis of CIS 

which is confined in thin urothelium within 10~20 pixels (e.g., equivalently 30-60µm) in 

a 2D OCT image in Fig. 5.1(c)-Fig. 5.3(c), because speckle reduction required interpixel 

averaging across adjacent pixels in the lateral and vertical directions. As a result, 2D 

OCT quantitative analysis (e.g., 1D FFT) often suffers from random speckle noise and 
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poor repeatability from sample to sample even within one sample at different locations. 

To overcome these technical problems, we propose more advanced image segmentation 

and quantitative image analysis algorithms (e.g., ‘speckle free’ enface OCT, 2D FFT, 

”(f), and STD map) based on 3D OCT image dataset and the results presented Fig. 5.1-

Fig. 5.3 clearly demonstrate the potential to significantly enhance the diagnosis of CIS. 

For instance, Fig. 5.4 compares the FFT profiles () of a normal bladder (upper panels) 

and a CIS bladder (lower panels) computed from 2D OCT (left) and 3D OCT (right), 

respectively. The results show that spectral fluctuation in panels (a, c) induced by severe 

speckle noise in 2D OCT images buried the texture changes induced by CIS, rendering it 

very difficult to differentiate each other. Whereas 3D OCT which permitted effective 

speckle reduction and elimination of random variation of textures owing to cross 

correlation between adjacent OCT cross sections, was able to effectively minimize the 

random speckle noise background to provide distinct spectral profile differences and 

sufficient SNR for quantitative diagnosis with ”(f), as shown in panels (b, d). 

Noteworthily, increase in urothelial heterogeneity is a unique feature of TCC 

including CIS; however, the subtle texture difference can be easily washed out by over 

averaging for speckle reduction or overlooked by only analyzing global features. 

Therefore, it is important to take into account of both local and global heterogeneities. In 

this respect, both 2D FFT and FWHM provided the quantitative global features 

parameters; whereas   based on 55-pixel binning and ”(f) tended to reflect local or 

regional texture features. Such combinative assessment could be more important for the 

quantitative diagnosis of focal CIS lesions in which CIS only partially occupies the field 
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of view. Another important factor for future in vivo clinical adoption is to optimize the 

algorithm and computation efficiency so as to be suited for on-site immediate diagnosis. 

In this study, image acquisition was 4s and quantitative analysis was 4s for each 

sample, but this can be further reduced to ~5s or less which should be suitable for 

instantaneous on-site clinical diagnosis.  

Lastly, it is noteworthy that the type and severity of the CIS cases presented in 

this study were so minor compared with those encountered in previous clinical studies 

that surface imaging (white-light cystoscopy) completely failed and even 2D OCT barely 

detected. Although the quantitative algorithm was more effective and robust in papillary 

TCCs, they were not presented because 2D OCT was able to provide sufficient diagnosis.  

 

5.5 Conclusions 

 

We reported a new method to enable quantitative diagnosis of CIS of the bladder 

with computer-aided detection based on 3D OCT. To examine the efficacy of the 

methodology, a CIS model with SV40T transgenic mice was imaged ex vivo tri-modally 

using surface imaging (mimicking cystoscopy), 2D OCT and 3D OCT and validated by 

the corresponding histology. Results of our comparative study demonstrated that 3D OCT 

with computer-aided detection was able to identify subtle morphological changes (i.e., 

urothelial heterogeneity) induced by CIS that surface imaging completely failed and 2D 

could barely detect. This new technique promises to be an effective diagnostic of bladder 

CIS with an estimated 95.7% sensitivity and 92.3% specificity. More importantly, such 
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quantitative method with computer-aided detection may permit physician’s on-site 

independent diagnosis which will be very helpful to improve diagnostic objectivity. The 

results justify the development of 3D OCT cystoscopy for clinical study to enhance the 

diagnosis of early TCC, particularly CIS. It is noteworthy that unlike SV40T model, 

human CIS lesions are likely focal, so selecting the proper ROI for quantitative diagnosis 

is important. In this respect, more effective fluorescence image guidance
53, 54

 can be 

beneficial to enhance the efficacy to locate the ROI for 3D OCT diagnosis of CIS in vivo. 
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Chapter 6 Image Guided 3D OCT for Early Diagnosis 

of Carcinoma in situ of the Bladder 

6.1 Introduction 

 

Carcinoma in situ (CIS) of the bladder is a type of flat, high-grade, non-muscle 

invasive (NMI) urothelial cell carcinoma (TCC). However, unlike other NMI TCCs, CIS 

is highly malignant and has a great tendency of aggressive progression if left untreated;
60

 

therefore, early detection is crucial to the effective treatment of CIS. Early diagnosis of 

CIS remains a clinical challenge.
61

 Current methods include urinary cytology and white 

light cystoscopy (WLC) following random biopsy.
62

 While urinary cytology is highly 

sensitive to high-grade TCC (e.g., CIS), it is unable to locate the lesions to effectively 

guide transurethral treatment such as resections. WLC is the current clinical standard for 

TCC diagnosis. However, as most CIS lesions are flat and unspecific, WLC often misses 

CIS and relies on random biopsy for a conclusive diagnosis (e.g., 30%~60%)
47

; therefore, 

new diagnostic approaches are highly desirable for improving early clinical detection of 

CIS. 

Recent advances in optical imaging techniques
52

, including narrow band imaging 

(NBI)
63

, fluorescence cystoscopy (FC)
37, 54, 63

 and optical coherence tomography (OCT)
7, 
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36, 38, 41
 have demonstrated the potential to markedly improve the diagnosis of NMI TCC. 

NBI is a simple modification of WLC to enhance visualization of subsurface vasculature 

under narrow-band illumination at strong hemoglobin absorption wavelengths (e.g., 

~415nm or/and ~540nm). Based on detection of increased vascular density and pattern 

changes associated with tumor development, NBI has been reported to enhance the 

diagnosis of TCC in clinical studies. FC has been shown in the clinical studies to enhance 

the diagnosis of NMI TCC by detecting the fluorescence emission of photosensitizers 

(e.g., 5-ALA or HAL) which tend to accumulate preferably in neoplastic tissues. 

However, this technique requires systemic or intravesical administration of 

photosensitizers. Similar to NBI, the diagnostic specificity is relatively low, which leads 

to high false-positive rates (e.g., bladder inflammation, infection, cystitis). OCT is a 

novel imaging modality that enables noninvasive, 3D imaging of biological tissues at a 

high spatial resolution (e.g., 1~10um) over ~2mm of depths. Preclinical and clinical 

studies
7, 36, 38, 41

 have demonstrated the efficacy of cystoscopic OCT to significantly 

enhance WLC in the diagnosis of NMI TCC (e.g., CIS). Moreover, the newly developed 

time-lapse ultrahigh resolution OCT
44, 55

 allows subcellular imaging of urothelium for 

grading of TCC, which shows the promise for future 'optical biopsy' in vivo. 

Additionally, to enable physician’s independent diagnosis and minimize diagnostic 

subjectivity to allow for more affirmative identification of CIS based on characterization 

of increased urothelial heterogeneity resulting from carcinogenesis, our recent preclinical 

study showed significantly improved sensitivity and specificity of CAD based 3D OCT in 

detection of CIS compared with 2D OCT.
17

  



 100 

In this Chapter, we present a newly designed comparative study on a transgenic 

animal bladder CIS model to systemically evaluate the efficiency and potential 

limitations of WLC, NBI, FC and 3D OCT (with a new CAD algorithm) for early CIS 

detection. This study also allows us to examine the potential of combining the advantages 

of these techniques for more efficacious and efficient diagnosis of TCC (e.g., CIS) in 

future clinical application in vivo.  

 

6.2 Materials and Methods 

 

6.2.1 Transgenic Model 

 

A detailed description of the transgenic CIS rodent model was reported 

previously.
17, 59

 By expressing simian virus 40T antigen in the urothelium, CIS routinely 

develops in the bladder of SV40T transgenic mice during 8-20 weeks and then high-

grade papillary tumors start to emerge. Twenty nine SV40T mice were used in the 

experiment and their genotyping was verified by polymerase chain reaction based on tail 

biopsy. Additional 18 Balb/c mice (blinded) were included as the control group. All 

animal procedures were approved by the Stony Brook University Animal Care and Use 

Committee. 

 

6.2.2 Image Acquisition 
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During weeks 8-22, 3 mice were studied weekly. The mice were anesthetized with 

inhalational 2% isoflurane mixed with pure oxygen and then freshly prepared 5-ALA 

solution (100mg/ml in 0.9% saline, pH5.5) was instilled intravesically into the mouse 

bladder through a PE10 catheter tube at 0.2ml/100g body weight. The bladder was left 

occluded for ~2 hrs, then the mice were released to the cage to void for additional 2hrs 

for inducing peak PpIX production (i.e., 5-ALA fluorescence emission). The mice were 

euthanized using isoflurane. The intact bladder was harvested by a midline laparotomy 

incision, opened from the urethra to the dome and mounted uniformly on a custom 

12mm ring holder placed in a modified PBS solution (37
0
C, pH7.4) to undergo various 

imaging procedures.  

WLC, NBI and FC images of mouse bladders were acquired by a modified Nikon 

zoom microscope using a 1X APO ultraviolet objective to provide a field of view (FOV) 

of 11mm and a 12-bit high-sensitivity CCD camera (Retiga Exi, QImaging) interfaced 

with a liquid crystal tunable filter module for 8bit RGB (WLC, NBI) and 12bit 

monochromatic (FC) imaging. Illumination from a 100W Xe lamp was delivered through 

a liquid fibercord for WLC, and by inserting a narrow bandpass filter (=415nm, 

15nm) to pass blue light for NBI. For FC imaging, blue light (ex: 380-420nm) was 

used for fluorescence excitation to yield red PpIX fluorescence emission (em: 620-

700nm). Instantaneous 3D OCT dataset was obtained using our spectral-domain OCT 

engine previously reported
7
, in which a broadband source (λ=1310nm, 90nm; 

coherence length Lc≈8.4µm) illuminated a fiberoptic Michelson interferometer and a 

green laser (λ=532nm) provided visual guidance for image registration. The sample arm 
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was connected to a portable OCT probe in which light exiting the optical fiber was 

collimated to 5mm, steered by fast 2D servo mirrors, and then focused onto the bladder 

surface by an NIR objective (4X/0.1NA). The backreflected light from both sample and 

reference arms was recombined in the detection arm, spectrally dispersed, then focused 

by a lens system to be detected by a high-speed linear InGaAs array Camlink interfaced 

with a PC (Raid 0 configured) at 47kHz per A-scan. The spatial resolution of OCT was 

~10m, the system dynamic range was over 110dB, and a large 3D image volume (FOV: 

552mm
3
) were acquired within ~5s. This can be further reduced to ~1s for a smaller 

FOV (512mm
3
) to minimize motion artifacts for in vivo endoscopic diagnosis. 

 

6.2.3 Image Analysis and Diagnosis of CIS 

 

Diagnoses of CIS were based on visual identifications of bladder surface lesions 

by WLI, increased tumor vasculature by NBI, and enhanced 5ALA fluorescence by FC. 

Quantitative diagnosis of CIS by 3D OCT was based on computer-aided detection (CAD) 

of enhanced urothelial heterogeneity, whose algorithms were previously reported
17

. 

Several new features were implemented to effectively improve diagnostic accuracy and 

reduce computation time, which included: 1) adaptive image segmentation based on 

mathematical morphological operation to remove artifacts resulting from bladder 

interfaces (e.g., specular reflection and ‘ghost’ image), 2) 3D image registration to 

eliminate artifacts induced by rugged bladder surface, and more importantly 3) a new 

target function I(f) based on normalized 2D FFT polar profile (f) to improve the 
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robustness of the CAD algorithm for CIS diagnosis. Instead of pervious 2nd-order 

derivative ”(f), I(f) by integrating (f) over a frequency range of f= 0.02-0.15Hz 

(e.g., spatial variations over 30-250m) was used to represent the architectural 

heterogeneity of the urothelium, which minimized the influences of the sample DC 

difference (f<0.02Hz) and high frequency speckle noise (f>0.15Hz). Data analysis 

reveals that the chosen frequency of interest (f) represents both microscopic and 

macroscopic heterogeneities of the urothelium; in other words, higher I(f) refered to 

more urothelial heterogeneity. The threshold value (Pf/T>0.45) for quantitative 3D OCT 

diagnosis of CIS was derived by optimizing the receiver operating characteristic (ROC) 

curve based on the I(f) values from preselected 10 specimens (5 SV40T mice, 5 

controls) of previous experiment. 

 

6.2.4 Statistical Analysis 

 

The sensitivities and specificities for WLC, NBI, FC and 3D OCT diagnoses were 

computed from the frequency tables with the corresponding H&E stained histological 

evaluation serving as the gold standard. Their values were compared between each other 

by using chi-squares test or Fisher’s exact test, with p<0.05 considered statistically 

significant.  



 104 

 

Fig. 6.1 Results of a normal mouse bladder. A) WLC image, B) NBI image, C) FC image, D) 

3D OCT of the region landmarked with a dashed rectangle in A), E) 2D enface OCTxy of the 

blue box indicated in D), F) 2D FFT of OCTxy in E), G) normalized polar frequency profile 

I(f) of F), H) the corresponding histology. CAD diagnosis: “-” for CIS (Pf=35.1% < 

Pf/T=45%). U: urothelium; LP: lamina propria; M: muscularis. 

 

6.3 Results 

 

Fig. 6.1 shows the results of a normal mouse bladder. Both WLC (6.1A) and NBI 

(6.1B) diagnosed it as a typical normal bladder whose surface was flat and smooth with 

normal vasculature; FC (6.1C) diagnosed it as normal based on undetectable fluorescence 

even under extended exposure (e.g., 1s). 3D OCT (6.1D) clearly delineated the 

morphological details of the bladder based on their backscattering differences, e.g., 
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urothelium (U) as a low scattering thin layer (30um) on top, lamina propria (LP) as a 

thicker, high-scattering underlying layer, and muscularis (M) as a thick layer with 

bifurcated collagen bundles, all of which correlated with the corresponding histology 

(6.1H). 3D OCT for CIS diagnosis was based on quantitative CAD of enhanced urothelial 

heterogeneity. The enface image (6.E) derived from 3D OCT (6.1D) over a selected ROI 

showed a uniform backscattering distribution of the urothelium; its 2D FFT (6.1F) and 

polar frequency profile I(f) (6.1G) indicated a low-percentage power distribution 

within f (e.g., shaded area) with Pf=35.1%, which was significantly lower than the pre-

determined threshold value Pf/T=45% for CIS and was therefore diagnosed as normal or 

benign for CIS. This specimen was later confirmed to be normal by histology (6.1H). 

Fig. 6.2 shows the results of an ‘early’ CIS. Compared with Fig.6.1, WLC (6.2A) 

failed to detect any specific difference and missed CIS; however, NBI (6.2B) revealed 

increased vasculature (e.g., increased sizes of main vessels and dense, irregular 

distribution of branch vessels) and thus diagnosed it as CIS. Although slightly brighter 

than Fig. 6.1(C), FC (6.2C) did not show obvious fluorescence increase and missed CIS. 

3D OCT (6.2D) only showed minor urothelial thickening (50um) without obvious 

increase in urothelial backscattering, which could not be differentiated from urothelial 

hyperplasia
39

 (benign for CIS) or artifacts induced by sample preparation. On the other 

hand, the enface image (6.2E) showed increased urothelial heterogeneity as identified by 

the dark shadows, and quantitative analysis showed clear spreading of 2D FFT (6.2F) and 

increased power distribution I(f) within f (6.2G) compared to normal bladder in Fig. 

6.1. The increased urothelial heterogeneity led to Pf=48.5% over Pf/T= 45% and was 
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thus diagnosed as CIS, which was later confirmed by histology (6.2H). Of note, it was 

found that WLI, FC and 2D OCT failed to identify almost all of the CIS cases at this 

early stage. 

 

Fig. 6.2 Results of an early CIS. A) WLC image, B) NBI image, C) FC image, D) 3D OCT of 

the region landmarked with a dashed rectangle in A), E) 2D enface OCTxy of the blue box 

indicated in D), F) 2D FFT of OCTxy in E), G) normalized polar frequency profile I(f) of 

F), H) the corresponding histology. CAD diagnosis: “+” for CIS (Pf=48.5% > Pf/T=45%). 
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Fig. 6.3 Results of a more advanced CIS. A) WLC image, B) NBI image, C) FC image, D) 

3D OCT of the region landmarked with a dashed rectangle in A), E) 2D enface OCTxy of the 

blue box indicated in D), F) 2D FFT of OCTxy in E), G) normalized polar frequency profile 

I(f) of F), H) the corresponding histology. CAD diagnosis: “+” for CIS (Pf=51.8% > 

Pf/T=45%). 

 

Fig. 6.3 shows the results of a more advanced CIS specimen with increased 

mucosal thickness and early signs of the development of papillary architecture. Again, 

WLC (6.3A) did not provide any specific diagnosis and missed the lesion; NBI (6.3B) 

showed a similar pattern of increased vasculature to Fig. 6.2(B) and diagnosed it as CIS. 

Interestingly, FC (6.3C) was able to detect some areas on the bladder with increased 

fluorescence over the dark background and diagnosed it as CIS. 3D OCT (6.3D) revealed 

slightly more urothelial thickening (100um) and rugged surface; similar to Fig. 6.2, the 
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identification was unspecific for CIS diagnosis. On the other hand, the enface image 

(6.3E) showed a higher degree of urothelial heterogeneity. Quantitative analyses of 

spreading of 2D FFT (6.3F) and more concentrated power distribution I(f) than Fig. 

6.2(G). The calculated I(f) was further increased to Pf=51.8% > Pf/T=45% and was 

thus diagnosed as CIS. Histology (6.3H) later confirmed it a more advanced CIS. 

 

Fig. 6.4 Results of a minor traumatic bladder. A) WLC image, B) NBI image, C) FC image, 

D) 3D OCT of the region landmarked with a dashed rectangle in A), E) 2D enface OCTxy of 

the blue box indicated in D), F) 2D FFT of OCTxy in E), G) normalized polar frequency 

profile I(f) of F), H) the corresponding histology. CAD diagnosis: “-” for CIS 

(Pf=37.4% < Pf/T=45%), NBI diagnosis: “+” for CIS. 
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Fig. 6.4 shows the results of a minor traumatic injury to the bladder that was 

induced by prior catheterization for 5ALA induction, which was later confirmed normal 

or negative for CIS by histology (6.4H). WLC (6.4A) showed the reddish bladder mucosa 

and diagnosed it as CIS. NBI (6.4B) showed high-density, diffusive or disorganized 

vascular patterns and misinterpreted it as CIS. FC (6.4C) showed no detectable 

fluorescence and diagnosed it as normal or benign for CIS. 3D OCT (6.4D), on the other 

hand, revealed it as a typical normal-appearing bladder like the one shown in Fig. 6.1. 

Quantitative CAD analyses of 2D FFT (6.4F) and FFT profile (6.4G) indicated that the 

urothelial heterogeneity Pf=37.4% was far below Pf/T=45% and thus diagnosed it as 

normal or benign for CIS. 

Table 6.1 Diagnostic sensitivities, specificities, PPV and NPV 

 

 

        Methods 

Results 

3D OCT WLC NBI FC p-values 

n/N    % n/N     % n/N     % n/N     % O: 

W 

O: N O:F W:

N 

W:F N:F 

Sensitivity 27/29  93.1 1/29     3.4 26/29  89.7 13/29  44.8 0.001 1.000 0.001 0.001 0.001 0.001 

Specificity 17/18  94.4 14/18  77.8 5/18    27.8 18/18   100 0.338 0.001 1.000 0.003 0.104 0.001 

PPV 27/28  96.4 1/5      20.0 26/39  66.7 13/13   100 0.001 0.003 1.000 0.065 0.002 0.023 

NPV 17/19  89.5 14/42  33.3 5/8      62.5 18/34  52.9 0.001 0.136 0.007 0.232 0.085 0.709 

* OCT: optical coherence tomography; WLC: white light cystoscopy; NBI: narrow band imaging; FC: fluorescence 

cystoscopy;  N: total number, PPV, positive predictive value, NPV, negative predictive value. 
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3D OCT WLC NBI FC p-values 

n/N    % n/N     % n/N     % n/N     % O: 

W 

O: N O:F W:

N 

W:F N:F 
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A total of 47 mice (i.e., 29 SV40T mixed with 18 Balb/c) were enrolled in the 

study, including 29 with CIS and 18 with normal or benign lesions of the bladder 

mucosa. Among 29 CIS samples, 27 were detected “+” by 3D OCT, 1 by WLC, 26 by 

NBI, and 13 by FC. For all 18 histologically confirmed normal or benign samples, 17 

were detected “-” by 3D OCT, 14 by WLC, 5 by NBI, and 18 by FC. The detailed 

statistical analysis calculated on a per sample basis was summarized in Tab. 6.1. The 

results indicated that both WLC and FC failed to detect early CIS lesions (SNWLI=3.4%, 

SNFC=44.8%); NBI provided sufficient sensitivity to identify CIS (SNNBI=89.7%), but its 

diagnostic specificity was poor (SPNBI=27.8%). In contrast, 3D OCT with quantitative 

CAD significantly enhanced the diagnosis of CIS to SNOCT=93.1% and SPOCT=94.4% 

(p*<0.001). 

 

6.4 Discussions 

 

Noninvasive early detection of CIS remains a clinical challenge. White light 

cystoscopy (following urine cytology) is the current clinical standard, it may miss 

30%~60% of CIS.
47

 Recent advances in optical imaging (e.g., NBI, FC, OCT) have 

shown great promise for enhancing early diagnosis of NMI TCC.
52

 Since these 

techniques are based on different principles, their advantages and potential drawbacks are 

not yet fully investigated. Based on SV40T transgenic CIS rodent model, we conducted a 

comparative study to probe into each imaging modality to examine their utilities and 

potential limitations for future clinical applications.  
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WLC, via direction visualization of bladder surface, has been proven effective for 

identifying papillary TCC; meanwhile, it may miss CIS and often relies on random 

biopsy for a conclusive diagnosis. NBI enhances the image of subsurface vasculature by 

taking advantage of strong hemoglobin absorption to narrow-band blue light, based on 

the premise that bladder tumor demands more nutrition supply from blood circulation, 

resulting in enhanced angiogenesis and denser microvascular environment than the 

surrounding normal bladder. Additionally, because of its random growth, the vascular 

patterns tend to be more irregular. Therefore, by identifying these features, NBI was able 

to provide an impressive high sensitivity (SN=89.7%) in the detection of CIS. However, 

such vascular changes can be induced by other bladder disorders or disruptions such as 

trauma, inflammatory response, and cystitis. As shown in the results part, Fig. 6.4 

exemplifies the limitations of NBI for differentiating CIS from benign lesions of the 

bladder mucosa that led to a low specificity (SP=27.8%). 

FC diagnosis of CIS is based on detection of PpIX fluorescence of porphyrin 

preferably accumulated in tumor tissue under blue light excitation. Previous clinical 

studies showed that FC provided a high sensitivity for the diagnosis of bladder cancer 

(including CIS) but compromised specificity. However, the results in this animal study 

revealed a low sensitivity vs. a high specificity. This difference was likely associated 

with the animal model. Although this type of CIS closely mimicked human CIS, the 

imaging study was conducted at a very early stage of carcinogenesis which was very 

difficult to detect by current modalities. The low sensitivity of FC was likely resulting 
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from the thin mouse urothelium compared to rat or human counterpart so that the PpIX 

emission from such thin urothelium was too weak to detect. It was found that 5ALA 

fluorescence could be detected in many SV40T specimens over the noise background if 

overexposed (e.g., 30s), suggesting the reported FC sensitivity could be underestimated 

with respect to human CIS diagnosis. 

OCT is capable of delineating morphological details of bladder (e.g., U, LP and 

MS) based on their backscattering differences. Our in vivo human studies revealed that 

detection of increased urothelial heterogeneity provided more accurate diagnosis of 

bladder cancer than the urothelial backscattering (b) change itself. For CIS, our recent 

animal study showed that the despeckled 2D enface urothelial image derived from 3D 

OCT provided a close correlation between urothelial b heterogeneity and the subtle 

pathological variations induced by TCC. The new CAD target function I(f) for 

quantitative image analysis and differentiation overcame the limitations for our previous 

models (e..g., reducing sample to sample difference, minimizing computation time). 

Results of this preclinical study based on 47 animals (e.g., SN=93.1%, SP=94.4%) 

clearly demonstrate the utility of our new method to significantly enhance current 

methods (WLI, NBI, FC and 2D OCT) in early diagnosis of CIS. 

While SV-40T transgenic mouse model provides an excellent controllable animal 

platform which allows us to examine the utility of these imaging techniques to detect the 

morphological, vascular and biochemical changes at different phases of carcinogenesis, 

the CIS lesions are likely to develop in a diffuse fashion (i.e., spreading all over the 

bladder surface) rather than focally as commonly seen in a clinical setting. In other 
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words, due to its relatively small field of view (e.g., <5mm laterally), the reported high 

diagnostic sensitivity of 3D OCT might be affected in clinical practice because deliberate 

scan across human bladder wall (i.e., bladder mapping) is often not practical due to the 

extensive time needed unless image-guided OCT is implemented to effectively locate 

suspicious lesions. Clinical studies have showed the efficacy of FC to enhance the 

sensitivity for detection of TCC; however, its diagnostic specificity needs further 

improvement and the procedure involves intravesical induction of fluorescence dye, 

which might add risk of side effects, discomfort and additional time to the patient, and 

cost. To the contrary, NBI has also been shown to provide sufficient sensitivity for 

detection of TCC despite its poor diagnostic specificity. Importantly, this technique 

detects TCC based on enhanced vasculature in tumors, so it circumvents the need for dye 

loading and the associated complications. The results of our animal study suggest the 

promise of NBI-guided endoscopic OCT, which combines the merits of these two 

modalities, i.e., high sensitivity and large FOV of NBI to efficaciously guide 3D OCT for 

quantitative, effective and accurate diagnosis of CIS. 

 

6.5 Conclusions 

 

We compared the efficacies and potential limitations of WLC, NBI, FC and 3D 

OCT for early detection of CIS of the bladder. The bladders of control and SV40T 

transgenic mice (blinded) were sequentially imaged by these image modalities and their 

diagnoses were later validated by their histological evaluations. The results indicated that 
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quantitative 3D OCT with newly improved CAD significantly enhanced the sensitivities 

of WLC (3.4%) and FC (44.8%) to 93.1% (p<0.01) and the specificity of NBI (27.8%) to 

94.4% (p<0.01) for early diagnosis of CIS. The results of this study demonstrate the 

potential of NBI-guided cystoscopic OCT to effectively enhance the efficacy and 

efficiency of current cystoscopic procedure in the diagnosis of TCC and CIS, in 

particular. However, it is noteworthy that more work needs to be done to deal with 

potential complications for in vivo clinical diagnosis such as motion artifacts in 3D 

cystoscopic OCT and the limited time for scanning across the large surface area of human 

bladder, specifically for outpatient diagnosis of CIS where effective image guidance for 

3D OCT is crucial. 
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Chapter 7 High-Resolution 3D OCT for Imaging 

Diagnosis of Human Fetal Membrane 

7.1 Introduction 

 

Preeclampsia is a medical disorder associated with increased blood pressure and 

proteinuria during pregnancy or postpartum period
64

. It persists as a major cause of 

maternal and fetal mortality and morbidity in the US and worldwide, affecting 5%~8% of 

all pregnancies
65

. Preeclampsia may progress to eclampsia which is potentially a fatal 

medical condition, thus rendering it crucial for clinical management
66

. Current diagnosis 

of preeclampsia mainly relies on clinical observation of the symptoms and other 

unspecific tests
67

 (e.g., over 140/90 blood pressure or 300mg protein in urine). However, 

these methods become effective only when preeclampsia develops to advanced stages. At 

that moment, the only treatment option is abortion or early delivery, which may lead to 

various medical complications to both preterm newborn and the pregnant woman. 

Preeclampsia is a complicated syndrome that may exhibit different symptoms and no 

definite causative factors are found to be responsible for the disease.
68

 Therefore, studies 

on specific features that have significant correlations with preeclampsia would be of great 

interest for providing an earlier, more accurate and objective clinical diagnosis. 
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A recent study on fetal membranes (FMs) revealed that microscopic chorionic 

pseudocysts (MCP) arising in the chorion leave of the FMs were found to be strongly 

associated with preeclampsia (p0.001)
69, 70

. Although the results were based on an ex 

vivo FM specimen study and artifacts induced by pathological preparation (e.g., formalin 

fixation) could potentially be misinterpreted as MCP due to their similar appearances, the 

interesting finding that correlates MCP with preeclampsia may provide a new perspective 

in clinical prediction of preeclampsia. In this respect, an endoscopic imaging technique 

that enables instantaneous, noninvasive or minimally invasive ‘optical biopsy’ would be 

of high clinical relevance in the diagnosis of pathological conditions of pregnancy such 

as preeclampsia. 

Among several emerging biomedical imaging techniques, optical coherence 

tomography (OCT) has shown great promise for noninvasive or minimally invasive 

‘optical biopsy’ of various subsurface tissue owing to its high resolution (e.g., 1-12m), 

intermediate imaging depth (e.g., 1-3mm) and high detection sensitivity (e.g., over 100dB 

dynamic range). Recent technological advances in OCT have enabled real-time 2D and 

3D imaging, Doppler OCT for functional subsurface blood flow imaging, ultrahigh-

resolution OCT for subcellular imaging, and endoscopic OCT for noninvasive imaging of 

various internal organs
7, 55

. Meanwhile, preclinical and clinical studies have demonstrated 

the utility of OCT in delineating morphological details of biological tissues (e.g., skin, 

oral cavity, esophagus, colon, bladder, and cervix)
7, 71, 72

 and thus the potential for 

detecting cancers in these organs. While our recent human study showed the clinical 

feasibility of our endoscopic OCT to significantly enhance early bladder cancer 
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diagnosis,
7
 in this Chapter, we present a pilot feasibility study on fresh human fetal 

membrane specimens from normal controls and from patients with MCP to explore the 

potential of OCT for early detection of pathological changes, which might serve in the 

prediction of preeclampsia or other diseases of pregnancy. We compare the image results 

of OCT and high-frequency ultrasound (HFUS) with the corresponding histological 

counterparts (clinical standard), so that the utility and potential limitations of OCT for 

high-resolution delineation of the morphology of human FMs and identification of 

pathological changes can be examined. 

 

7.2 Materials and Methods 

 

7.2.1 Sample Preparation  

 

3D OCT imaging examination was performed on 60 human FM specimens. These 

specimens were acquired from 10 different subjects undergoing term cesarean delivery. 

For each subject, 6 samples were obtained from different sectors of the FMs, e.g., 4 from 

the posterior and anterior uterine wall and 2 near the cervix. The fresh human specimens 

were preserved in 0.9% saline, rinsed, stretched uniformly to the thickness closely 

mimicking the anatomic architecture of FMs in vivo, and then mounted on a custom 

20mm ring holder placed in a modified Ringer's buffer solution (37
0
C, pH7.4) to 

undergo ex vivo imaging evaluations. All of the human specimen studies were approved 
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by the Stony Brook University Institutional Review Board and with patients’ prior 

informed consents. 

 

7.2.2 3D OCT 

 

Fig. 7.1 depicts the schematic of the spectral-domain OCT (SDOCT) used to 

acquire all of the 3D images of the fetal membrane specimens in this study. The 3D OCT 

engine was upgraded from a high-speed 2D SDOCT setup previously reported
7
, in which 

a pigtailed broadband laser at central wavelength of =1310nm and with a spectral 

bandwidth of =90nm (i.e., coherence length Lc8.5m) was used to illuminate a 

fiberoptic Michelson interferometer. Green light from a laser diode (=532nm) was 

coupled into the fiberoptic system for visual guidance of OCT scans. In the reference 

arm, a prism pair  
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Fig. 7.1 A sketch of the 3D OCT setup. BBS: broadband source; GLD: green diode laser; 

FC: fiberoptic coupler; PC: polarization controller; CM: collimator; M: mirror; G: 

grating; LC: linear InGaAs camera; S: specimen (fetal membrane); X-S, Y-S: X, Y axes of 

the 2D servo scanner; L1-L3: lenses. 

 

(e.g., using adjustable BK7 and fused silica wedge prisms) were used for dispersion 

compensation and a stationary retroreflective mirror was used to match the pathlength 

with the sample arm. The sample arm was connected to a handheld stereoscope in which 

light exiting the monomode fiber was collimated, scanned laterally by 2D servo mirrors 

(x-y scanners), and then focused by a NIR objective lens (f40mm/NA0.12) onto the 

surface of the FM specimen under examination. Light from both reference and sample 

arms was recombined in the detection fiber and connected to a spectrometer in which the 

spectral interferograph was detected by a line InGaAs camera (10241 pixels, up to 47 

kHz line rate) and interfaced via Camlink with a workstation for 2D and 3D image 

acquisition and reconstruction. Recent system development in detection optics and image 

acquisition and control resulted in enhanced axial and lateral resolutions (~9m), large 

field of view (FOV: 552.5mm
3
) at high dynamic range (>110dB) and fast frame rate 

(8-47fps). 

 

7.2.3 Imaging Examination 

 

With the FMs properly stretched and the maternal side facing upwards to mimic 

in vivo endoscopic imaging diagnosis, a number of 2D OCT pre-scans across the entire 

specimen were performed first to quickly locate the regions of interest (ROI). For each 
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ROI, sequential OCT scans were performed within 60s to acquire a 3D OCT image over 

a cubic volume of 552.5mm
3
 and displayed in pseudo color to enhance visualization. 

By visual guidance with a green laser, the enface FOV for each 3D OCT image was 

landmarked to align the subsequent scans for 3D HFUS imaging
45

, which was acquired 

for some thickened specimens with advanced preeclampsia.  3D HFUS scans were 

performed using a miniature 40MHz probe with an axial resolution of 40um (Vevo 770, 

Visualsonics Inc., Toronto, Canada). OCT delineates the morphological details (e.g., 

layers) of human FMs according to their backscattering differences. For simplicity, tissue 

backscattering was expressed by back reflectance, defined as the measured OCT intensity 

normalized to that of the top layer (i.e., decidua vera). Quantitative computer 

segmentation of FMs in both 2D and 3D OCT images was performed based on intensity 

gradient by adapting the algorithm previously reported
17

, and the average thickness (d) 

and back reflectance (r) of each layer were then analyzed. After the imaging study, the 

specimens were preserved in 10% formalin fixative together with the ring holders to 

avoid artifacts such as tissue deformation for H&E stained histological examination. A 

double blind histologic evaluation was independently performed by a clinical pathologist 

later to compare with the prior OCT and HFUS identifications and diagnoses. 



 121 

 

Fig. 7.2 2D images of a normal human fetal membrane. A): cross-sectional OCT image; B): 

corresponding H&E stained histology. DV: decidua vera (dDV70um), CT: chorion and 

trophoblast (dCT187m), A: subepithelial amnion (dA70m), and E: epithelium 

(dE35m). 

 

7.3 Results 

 

Previous studies have demonstrated the utility of OCT to enable high-resolution 

delineation of the morphological features of biological tissues (e.g., urinary bladder) 

based on their backscattering differences that attribute to the structural properties. Fig. 

7.2 exemplifies a typical cross-sectional 2D OCT image (A) of a normal FM acquired 

from the maternal side and the corresponding H&E stained histological evaluation (B). 

OCT was able to identify the four layers of the FMs according to their backscattering 

differences. For instance, the outermost layer, decidua vera (DV) was relatively thin 

(dDV92±38m), heterogenous and high scattering. The underlying chorion and 
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trophoblast (CT) layer was thick (dCT 150±67m) and relatively low scattering 

(rCT/DV=0.51±0.17) possibly due to its loose structure and high interstitial fluid content. 

The subepithelial amnion (A) layer was slightly thinner (dA95±36m) than the CT layer 

and was high scattering (rA/DV=0.84±0.45) resulting from subepithelial connective tissue. 

The innermost epithelium (E) was very thin (dE29±8m or less, with 1~2 cell depths), 

uniform and low scattering (rE/DV=0.44±0.20). It must be noted that the thickness of FMs, 

in particular the thickness of intermediate amnion (A) and chorion (CT) layers might vary 

with the trimester of pregnancy, the extent of tissue stretching, and the location of OCT 

scans. Overall, the OCT identifications of the four layers within the FMs correlated well 

with the counterparts in the corresponding histological image (B) except detachment of 

amnion in some specimens, which is a common artifact induced by tissue fixation during 

histological processing. 

In addition to 2D OCT presented in Fig. 7.2, 3D OCT image, e.g., by rendering 

350 slices of sequential 2D cross-sectional OCT images, may provide improved image 

fidelity and more affirmative identifications of morphological features. For example, Fig. 

7.3 summarizes the results of normal human FMs in which panel (E) shows a pie-cut 

graph of 3D OCT image and panel (F) illustrates a 2D OCT slice with the four layers of 

the FMs automatically segmented based on their backscattering differences. Panels (A-D) 

show the 3D images of the segmented 4 layers sequentially from DV and CT to A and E 

layers. Compared with 2D OCT in Fig. 7.2, 3D OCT in Fig. 7.3, owing to its improved 

spatial correlation (along y-axis), provides enhanced image quality, which may enable 
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more detailed quantitative analysis (e.g., backscattering b and standard deviation ) to 

characterize the architectural features of individual layers.  

 

Fig. 7.3 3D image of a normal human FM. A)-D): 3D OCT images of the segmented DV, 

CT, A, and E layers; E): 3D OCT image of the entire human FMs; F): 2D OCT image to 

illustrate the automatic segmentation procedure based on the backscattering differences of 

each layer; G): corresponding H&E histology of OCT image in F). 

 

In this pilot human specimen study, not only normal human FMs but also 

potential pathological human FM specimens were examined to evaluate the utility of 

OCT for noninvasive and high-resolution imaging diagnosis of FM diseases (e.g., MCP). 

Fig. 7.4 shows 2D OCT image (A) of a FM sample with MCP which was characterized 

by dark holes (low backrefection) with thickness of dMCP 320m between A and CT 

layers. The low-scattering characteristics of MCP (dark holes with rMCP/DV=0.17±0.06) 

were caused by fluid buildup (i.e., edema) within the lesions. Fig. 6.4(B) represents the 

corresponding H&E histology which correlated well with the OCT identifications of the 4 

layers and the cysts (MCP) within the CT and A layers except that the lesions 

(dMCP400m) appeared larger than those (dMCP320m) in OCT image (A). This 
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discrepancy was likely resulted from the artifacts induced by tissue fixation and 

histological processing.  

 

Fig. 7.4 2D image of a human FM specimen with MCP. A): 2D OCT image; B): 

corresponding H&E histology. The MCP lesions characterized by OCT as dark holes 

correlated with the cysts in histology. The thickness of MCP lesions in OCT (dMCP320m) 

matched the histological counterpart (dMCP400m).  

 

Similarly, Fig. 7.5 shows the results of 3D OCT of a human FM specimen with 

‘early stage’ MCP progression. Despite the fact that the surface image appeared normal, 

the segmented 3D OCT images revealed early, minor detachment (dMCP80m, 

rMCP/DV=0.14) within the CT and A layers, resulting in drastically increased 

inhomogeneity within the CT layer (panel C). Interestingly, the innermost epithelial layer 

(panel A) also became less uniform than the normal counterpart in Fig. 7.3(a), which 

could be associated with the inflammatory reactions of MCP. By detecting the size 
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progression of MCP lesions, OCT was potentially capable of providing noninvasive 

evaluation (i.e., ‘staging’) of MCP development and severity, in particular by 3D image 

segmentation to provide quantitative assessments of cyst depth (e.g., dMCP80m in Fig. 

7.5, dMCP320m in Fig. 7.4) and the resultant inhomogeneity which was associated with 

fluid buildup, vasodilation, local micro hemorrhage, macrophage and mast cell 

accumulations. It should be noted that although the corresponding histological image in 

Fig. 7.5(G) correlated favorably with the OCT delineations, the artifacts induced by 

tissue fixation complicated the identification of MCP (cysts) from distortion (fall off) of 

CT and A layers, which might compromise the utility of histology for affirmative staging 

of MCP growth and spreading.  

 

 

Fig. 7.5 3D OCT image of a human FM with MCP. A)-D): 3D OCT images of the segmented 

DV, CT, A, and E layers. E): 3D OCT image of the intact human FMs with MCP; F) 

segmented 2D OCT image to illustrate automatic segmentation based on their 

backscattering differences; G) corresponding histology of the OCT image in F). The CT and 

E layers were more heterogeneous than the previous normal specimen in Fig. 6.3. 
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Fig. 7.6 OCT images of human FM specimens with different-size MCP lesions compared 

with the corresponding H&E stained histological images. A), C), E): 2D OCT images with 

the MCPs automatically segmented as landmarked by green dashed circles. The thicknesses 

of MCPs were dMCP60m (A), dMCP150m (C) and dMCP265m (E), respectively. The 

percentage areas of MCP, i.e., the ratios of the area of MCPs against the entire FM cross-

section were 3.7% (A), 25.6% (C), and 28.3% (E). B), D), F): the corresponding histological 

images. The thicknesses of MCPs were dMCP53m (B), dMCP141m (D), and dMCP251m 

(F), which correlated with the OCT measurements despite artifacts such as tissue 

detachment induced by histological process. 

 

Fig. 7.6 compares three human SM specimens to show the capability of OCT to 

assess the growth of MCP lesions. Although the thickness of MCP (dMCP) may vary with 

the point of measurement, the increase of MCP lesions could be differentiated by their 

mean thickness. OCT measurement of dMCP60m, rMCP/DV=0.13 for the small MCP 

lesion in panel (A) correlated with the histological evaluation dMCP53m in panel (B); 

the two large lesions dMCP150m, rMCP/DV=0.18 (panel C) and dMCP265m 

rMCP/DV=0.19 (panel E) measured by OCT (C) were correlated favorably with the 

corresponding histological measures, dMCP141m in panel (D) and dMCP251m in 

panel (F), respectively. Alternatively, the percentage area of MCP lesion, i.e., 
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SMCP(%)=SMCP/SFM (SMCP and SFM are the cross-sectional areas of the PCM lesions and 

FMs) can be employed; the results of OCT measures were 3.7%, 25.6% and 28.3% for 

panels (A, C, E), respectively. In addition, we calculated the statistical result of the 

average thickness of MCP based on 32 lesions. The result showed that the MCP 

detectable by OCT varied from dMCP=24μm to dMCP=615μm with a mean thickness of 

160μm and a median thickness of 120μm. These results suggest that endoscopic OCT 

could potentially be deployed to instantaneously diagnose MCPs and quantitatively 

evaluate (i.e., ‘stage’) their progress as well as the treatment effects. It is noteworthy from 

the histological images in panels (B, D, F) that distortion and other artifacts (e.g., 

formalin infiltration) might compromise the evaluation of histological specimens. 

The limited imaging depth of OCT (e.g., ~1-3mm) may potentially restrict its 

utility to the diagnosis and assessment of later-stage severe MCP lesions. For instance, 

for a few FM specimens (e.g., different locations on the FMs) with a thick DV layer (e.g., 

2-4mm) from the maternal side, OCT was unable to fully delineate the layered structures 

of the FMs, in particular, the innermost epithelium (E). In cases like this, high-frequency 

ultrasound (HFUS) might compliment OCT to overcome the imaging-depth limitation. 

To examine the feasibility, additional 3D HFUS scans following OCT imaging were 

performed using a miniature 40MHz probe. Fig. 7.7 exemplifies a 3D HFUS image of 

human FMs. The results show that because of lower resolution than OCT, the boundaries 

between the layers (e.g., DV, CT and A) in HFUS images (panels A, B) were not as well 

defined than the counterparts in Figs. 7.2-7.5 and were unable to resolve the innermost 

epithelial layer (e.g., dE d imaging depth of HFUS 
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allowed it to visualize the full-thickness architecture of the thickened FMs. Interestingly, 

despite drastically reduced image contrast, HFUS was still able to detect the embedded 

intermediate-size MCP lesion. In contrast, due to markedly thicker (dEV>1mm) DV layer 

and drastically increased heterogeneity in this FM specimen, OCT was unable to 

delineate the underlying layers within the FMs. 

 

7.4 Discussions 

 

Early diagnosis of preeclampsia, crucial to effective therapeutic treatment, 

remains a clinical challenge due to the multifactorial nature of this disease
67, 68

. Previous 

study revealed that MCP originating from the chorion leave (involving mostly CT and A 

layers) of the FMs was demonstrated to be closely related to preeclampsia (p0.001)
69

, 

thus early diagnosis and evaluation of the progression of MCP could be of great clinical 

relevance. Current diagnosis is based on ex vivo histopathologic examination of the 

excised tissue specimens, whose clinical value is restricted by its invasive and destructive 

natures. Moreover, little has been studied about potential pathological misinterpretation 

of MCP as a result of artifacts induced by tissue fixation and processing.  

In contrast, noninvasive early diagnosis of MCP could potentially benefit the 

treatment. Current medical imaging techniques such as MRI and ultrasound may provide 

limited diagnostic values because of their insufficient spatial resolution and other 

technical imperfections (e.g., potential radiation hazard to fetus). OCT is an emerging 

optical imaging modality that, if integrated with endoscopy, permits noninvasive cross-
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sectional 2D and 3D imaging of biological tissue at high spatial resolutions (e.g., 1-

10m) and over intermediate depths (e.g., 1-3mm). Previous preclinical studies validated 

the capability of OCT for delineating the morphological details of various biological 

tissues such as oral cavity, bladder, esophagus, and cervix
7, 71, 72

. More interestingly, 

recent in vivo clinical studies clearly demonstrated the utility of our endoscopic OCT 

technique in significantly enhancing current clinical approach (i.e., white-light 

cystoscopy) for noninvasive diagnosis of early bladder cancer. Technically, the areas of 

fetal membranes prone to preeclamptic changes can potentially be imaged in vivo using 

our newly developed miniature (e.g., 2mm) flexible OCT catheter during intrauterine 

examination. We have presented a preliminary study based on human tissue specimens, 

including both normal control and diseased FMs. Results in Fig. 7.2 and Fig. 7.3 show 

that OCT was capable of delineating the morphological details of normal human FMs as 

the four layers (e.g., DV, CT, A and E) based on their backscattering differences (e.g., 

rCT/DV=0.51±0.17; rA/DV=0.84±0.45; rE/DV= 0.44±0.20). Results in Fig 7.4 and Fig 7.5 

further demonstrate the utility of OCT to affirmatively detect the MCP lesions (cysts) in 

the CT layer of human FMs based on their drastically reduced backscattering (e.g., 

rMCP/DV=0.17±0.06). More importantly, by applying post-image processing techniques 

(e.g., image segmentation and registration, standard deviation analysis) to the original 3D 

OCT image dataset, OCT morphometric placental analysis could potentially be 

implemented to provide quantitative, accurate evaluation of MCP progress (i.e., “staging” 

of MCP), which is essential to potentially monitor the preeclampsia development and to 

evaluate treatment effects. Our initial study using HFUS suggests that despite its limited 
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spatial resolution to delineate layered structures in FMs, HFUS could be a complimentary 

method to detect large MCP lesions in markedly thickened FMs where a deeper 

penetration is needed. However, in order to further justify the utility and potential 

limitations of OCT and HFUS in the diagnosis of preeclampsia, further detailed and more 

quantitative studies should be performed in the future, in particular, in vivo imaging 

evaluations.  

 

Fig. 7.7 3D HFUS image of a human FM with thick MCP. A): 3D HFUS image; B): a slice of 

2D HFUS from image A); C) corresponding 2D OCT image. Despite the lower spatial 

resolution, HFUS was able to penetrate the entirety of the thicker FMs while the image 

depth of OCT was limited to layer DV or top CT. 

 

7.5 Conclusions 

 

In summary, we performed an in vitro study on fresh human FM specimens to 

examine the efficacy and limitations of OCT for future noninvasive or minimally 

invasive hysteroscopic OCT imaging of fetal membranes. Results presented above show 

that the high resolution and 3D imaging capability of OCT enabled delineation of 

morphological details of human FMs (e.g., DV, CT, A and E layers) based on their 
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backscattering differences, which correlated well with the corresponding histological 

evaluations. Additionally, OCT was able to identify early MCPs and accurately measure 

the size of these lesions. It was also noted that quantitative OCT image analysis revealed 

almost all the MCP specimens and in the E layer of some MCP specimens. Further 

h

increases in these layers with the presence of different cell types and their accumulations 

so that more specific diagnosis of the severity and progress of MCP can be predicted. In 

addition, more in vivo animal and human studies will be required to fully examine the 

efficacy, technical feasibility and safety of OCT hysteroscopy as well as HFUS for 

potential future clinical application to minimally invasive diagnosis of MCP and staging 

their progress. 

 



 132 

Chapter 8 Ultrahigh Resolution Quantitative 3D 

Optical Doppler Tomography for Brain Functional 

Imaging 

8.1 Introduction 

 

Cocaine's vasoactive effects result in marked disruption in cerebral blood flow 

(CBF) in cocaine abusers
73

 and are also likely to contribute to the reported occurrences of 

hemorrhagic and ischemic strokes in cocaine abusers.
74-79

 However, effective treatment 

remains elusive in part due to lack of knowledge regarding the nature and the 

mechanisms that underlie the cerebrovascular changes resulting from cocaine abuse.  

Studies on the vasoactive effects of cocaine (and other drugs of abuse) in animal models 

have been hindered by the technical limitations of current neuroimaging techniques. 

Conventional techniques (e.g., MRI, CT angiography) fail to provide sufficient 

spatiotemporal resolutions to measure rapid CBF changes in small vessel compartments
1
; 

while multiphoton microscopy (MPM)
80-82

 can detect capillary CBF, its small field of 

view (FOV) restricts its use for assessing cocaine's cerebrovascular network effects, and 

it may not be suitable for repeated imaging of disease progression
2
 or the dynamics to 

cocaine responses (e.g., due to complications associated with exogenous fluorescence dye 
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loading and clearance). Recent advances in optical coherence angiography (OCA)
2, 9, 83, 84

 

have markedly improved in vivo visualization of the microvascular networks, including 

3D microscopy of tumor microenvironments. Yet, methods to enable quantitative 

capillary CBF imaging remain a technical challenge in Doppler OCT (ODT).  

We developed a novel optical imaging technique that allowed us to image 3D 

capillary cerebrovascular networks quantitatively and at ultrahigh spatial resolution. 

Specifically, we combined ultrahigh-resolution optical coherence angiography (OCA)
16, 

85
 to enable visualization of capillary cerebrovascular networks, and a new phase-

intensity-mapping (PIM) algorithm to optimize the detection sensitivity of ultrahigh-

resolution Doppler flow imaging (ODT). Additionally, this technique allowed 

separation of arterial and venous branches and thus characterization of their differences in 

response to stimuli (e.g., cocaine). After validating the technique by imaging the 

microcirculatory responses to laser disruptions in the mouse brain, we apply it to study 

the cerebral microvascular network changes induced by acute and repeated cocaine 

administration using clinically relevant doses. Our findings show for the first time, that 

cocaine-induced neurovascular 'like' microischemia, and that these effects were 

exacerbated with repeated administration (1 vs. 3 doses).  Inasmuch as cocaine abusers 

repeatedly administer cocaine in binges, this indicates that the vasoactive effects of 

cocaine will jeopardize oxygen delivery to cerebral tissue making it vulnerable to 

ischemia and neuronal death.   

 

8.2 Methods 
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8.2.1 Mice.  

 

CD1 mice (Charles River, 35~40g, 7~8 weeks of age, female) were used to 

conduct the cerebral flow imaging studies. All mouse experiments were approved by the 

Institutional Animal Care and Use Committee at Stony Brook University. 

 

8.2.2 Surgery. 

 

Mice were anesthetized with inhalational 2% isoflurane (in 100% O2) and 

mounted on a custom stereotaxic frame to minimize motion artifacts. A 5mm cranial 

window was created above the right somatosensory motor cortex. The exposed cortical 

surface was immediately covered with 2% agarose gel and affixed with a 100m-thick 

glass coverslip using biocompatible cyanocrylic glue. The physiological state of the mice, 

including electrocardiography (ECG), mean arterial blood pressure (MABP), respiration 

rate and body temperature, was continuously monitored (SA Instruments, NY). 

 

8.2.3 Laser Disruption.  

 

A pigtailed green laser (60mW, 532nm) was coupled into the sample arm of the 

OCT system to disrupt an individual vessel on focus (spot size: 3m) whose 
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coordinates (x, y, z) were accurately determined by prior 3D OCA image. Laser 

exposure (2min) was used to disrupt a capillary vessel and repeated exposures were used 

to disrupt a branch vessel. 

 

8.2.4 Intravenous Cocaine Induction.   

 

A mouse tail vein was cannulated with a 30-gauge hypodermic needle connected 

to PE10 tubing, through which a bolus of cocaine (2.5mg/kg, body weight) was 

administered (<15sec). 

 

8.2.5 Ultrahigh-resolution Optical Coherence Tomography (OCT) 

 

The image platform that combines ultrahigh-resolution optical coherence 

angiography (OCA) and optical Doppler tomography (ODT) involves modification of 

previously described OCT instrumentation
55

 depicted in Fig. 8.1. In brief, a mode-

locked 8fs Ti: Al2O3 laser provides ultra-broadband (=800nm, FWHM=128nm) 

illumination (1) to a 22 wavelength-flattened fiberoptic Michelson interferometer. The 

reference arm (2) is connected to a grating-lens-based optical delay unit (RSOD, dashed 

box) to match the pathlength with the sample arm and to compensate the dispersion 

mismatch and maximize the cross-correlation spectrum between the sample and the 

reference arms of the interferometer. Light exiting the fiber endface of the sample arm (3) 
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is collimated to 5.5mm, scanned transversely (along x-axis) by a precision servo mirror 

G (VM500, General Scanning), and focused by a microscopic objective L1 on the 

capillary beds within the mouse somatosensory cortex under examination. The 

backscattered light from the different depth (z-axis) within the cortical brain is collected 

by the same optics back to the sample arm and recombined with the reference light in the 

detection fiber (4) to be detected by a spectral imager (dashed box), in which the light is 

collimated to 10mm, diffracted by a holographic grating (1200/mm, Spectral Physics) 

and focused by a custom lens system L2 (f=85mm) onto a linear CCD camera (2048 

pixels, Atmel) at a frame rate up to 27kHz. By synchronizing the servo mirror G for 

sequential x scanning (e.g., 500 pixels), 2D OCT image (z-x cross section) can be 

acquired at up to 54fps. The acquired dataset are fast transferred via Camera Link 

interface to a Raid hard disk array (300MB/s, Raid 0 configured) on the workstation for 

parallel image processing and display. As each spectrograph comprises spectral 

interference fringes which are frequency modulated or encoded by the pathlength 

difference or depth z, sequential inverse fast Fourier transforms (FFT) are implemented 

to derive the depth-resolved backscattering profiles (i.e., A-scans or A-lines). An axial 

resolution of 1.8m in brain tissue was reached by maximizing the bandwidth of cross-

correlation spectrum (e.g., 154nm) via spectral reshaping and fully compensating the 

dispersion mismatch with a pair of wedge prisms (D) in the sample arm together with 

RSOD in the reference arm
55

. For the achromatic lens (f16mm/NA0.25, Melles Griot) 

used in the study, the focal spot size (i.e., transverse resolution) was 3m.  
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Fig. 8.1 A sketch of ultrahigh-resolution OCT setup for acquiring OCA and ODT images. 

A mode-lock sub 8fs Ti:Al2O3 laser was used to provide ultra broadband illumination 

(=800nm, 128nm). CM: fiberoptic collimator; FPC: fiber polarization controller, D: 

wedge prism pair for fine dispersion adjustment; G: servo scanner, L1: objective lens; L2: 

lens group; RSOD: optical delay line for dispersion compensation (by adjusting spacing b); 

f and FPC are adjusted to maximizing the bandwidth  (e.g., 154nm) of the cross 

spectrum. Measured axial resolution (coherence length in brain tissue, n=1.38) Lc1.8m; 

transverse resolution r3m.  

 

8.2.7 In vivo Cerebral Blood Flow Imaging 

 

Unlike OCT for structural imaging, specific raster scanning schemes for servo 

mirror G are developed to optimize vascular detection sensitivity for OCA and ODT 

image acquisitions. For 3D OCA, the camera is configured at its full speed of 27k A-

lines/s to acquire 4 cross-sectional images for each x-z plane with a 2m pitch in x-axis 
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following sequential scans along y-axis with a 2.4m pitch. A typical 3D image with 

2048×500× 500 voxels takes 37s, which covers a FOV of 1×1.2×1mm
3
 in cortical brain. 

For 3D ODT, the camera is configured to operate at 20k A-lines/s and occasionally at 

10k A-lines/s for fast flows. However, dense sampling with a 0.05m pitch along x-axis 

is performed so that each frame (z-x plane) comprises 20k A-lines that are binned down 

to 10k, 5k and 1k A-lines/s in post-image processing to extract slow capillary flow. For 

the same FOV of 1×1.2×1mm
3
, a typical 3D ODT image with 20,000×500×2048 voxels 

may take 8min. To increase the temporal resolution for studying the transient effects of 

intravenous cocaine challenge, a small FOV of 1×0.12×1mm
3
 was imaged to raise the 

acquisition rate to 1min per frame and the procedure was repeated for 36min.  

 

8.2.8 Image Processing 

 

For quantitative ODT image reconstruction, a new image processing algorithm - 

termed phase intensity mapping (PIM) approach - was developed to enhance the 

sensitivity of quantitative Doppler flow detection, and the algorithm can be simplified as: 
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The algorithm for OCA image reconstruction is based on speckle contrast 

image. Assume that I(z, x) is the reconstructed OCT image (amplitude image), i.e., 
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I(z, x)=FFT
-1

[I(k, x)k]. For the 4 consecutive images Ij(z, x) where j=0,…,3, the 2D 

angiographic image can be expressed as the relative standard deviation
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j xzIxzI  is the mean of the acquired 4 consecutive images.  

After each 2D flow image is acquired and reconstructed, the cubic dataset was 

loaded into image processing platform (Amira) for 3D animation and to display the 

maximum-intensity-projection (MIP) image for both OCA and quantitative ODT 

images of cortical vasculature.  

 

8.2.9 Micro Hemorrhagic Stroke 

 

As was encountered in the Results regarding ischemic strokes, vessel rupture can 

be readily identified by OCA. Fig. 8.2 shows an OCA image of a micro hemorrhagic 

stroke which was evidenced by local blurring due to pronounced blood backscattering. 

Vessel rupture was created by a microinjection needle under the visual guidance of an 

injection microscope. Injection induced local brain surface deformation around the 

injection spot is noticeable. 
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Fig. 8.2 Microvascular hemorrhagic stroke on the mouse somatosensory cortex. a) baseline 

OCA image, b) vascular disruption and hemorrhage by a microinjection needle. Image 

size: 111mm
3
. Red circle: injection spot; Blue dashed line: region of local blurring 

induced by bleeding.  

 

8.2.10 Separation of Arterioles and Venules 

 

Separation of veins and arteries is desirable in neuroscience studies to 

characterize their differences in response to physiological, pharmacological and 

functional activations. Here, we present a new method to effectively separate these 2 

types of vessels by taking advantage of high-fidelity microvascular images provided by 

3D ODT. Fig.8.3 illustrates the procedure for vessel separation for Fig. 8.9. To enhance 

the vascular tree connectivity of the branch vessels, we reprocess the 3D ODT image at 

10kHz so the slow capillary beds are eliminated. In Fig. 8.3 (a), the CBF directionality is 

preserved with red (‘+’) and blue (‘-’) representing downward and upward flows, 

respectively. Note that this ‘apparent flow’ map derived from PIM must be corrected with 
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. As most of larger branch vessels are aligned nearly along the cortical surface, i.e., 

90
0
, so we substitute =90

0
- for , where  is the titling angle of a vessel with the 

horizontal plane. These flows flip signs when  crosses 90
0
 (e.g., cos=sin), if the 

vessel turns from downward (>0) to upward (<0). Although image processing for 

accurate angular correction of 3D ODT remains computation intensive, we can select a 

few sections of a vascular tree to   

 

Fig. 8.3 Illustration of arterial and venous vessel separation. a) 3D ODT image at 10kHz to 

show branch vessel connectivity and apparent flow direction (angle uncorrected) with red 

‘+’ flow for flowing inwards and blue ‘-’ for flowing outwards. b, c) cross-sectional 

projection images (Y-Z plane) of two flows from the dashed boxes in a). As their tilting 

angles <90
0
, both flow upwards (towards ‘Y+’). Tracing back in a), we can separate flow 

directions in arterial vessels with yellow arrows (flowing out to smaller branches) and 

venous vessels with green arrows (flowing into larger branches). d) OCA image (Fig. 7.6a) 

with red arrows to represent arterial flows and blue arrows to venous arrows to avoid 

confusion. 

 

determine the flow orientation. For instance, 2 apparent red ‘+’ flows in the 2 dashed 

boxes are selected to trace their orientations. As shown in the 2 side panels, i.e., cross-
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sectional images (b, c) in the y-z plane, both vessels point downwards (>0), so we can 

confirm that these 2 vessels flow upwards (i.e., towards y+ axis) in 3D ODT (a). Then, 

tracing back the vessels trees of these 2 branches, we can find that the left branch is 

flowed out from a major vessel, so this vessel tree is arterial (marked by yellow arrows). 

Whereas the right branch merges into a large branch vessel, so we can determine it is a 

venous (marked by green arrows). Similarly, all of the branch vessels can be separated as 

marked by yellow and green arrows which point to their flow directions. To avoid 

confusion with color map, we add these arrows to the grayscale OCA image (d) in 

which red arrows refer arterial trees and blue arrow refer to venous trees, and red or blue 

dots indicate the crossings are connected. Additionally, separation of vessel types for 

Fig.8.11 is shown in Fig. 8.5.  

 

8.2.11 Minimal detectable flow rate 

 

For PSM, the minimum detectable flow velocity min (i.e., flow sensitivity) is 

ultimately limited by the system phase instability and can thus be calculated based on the 

phase noise , which, for Doppler OCT, can be theoretically derived as
86, 87

, 

2/1)( 

  SNR          (8.3) 

where SNR refers to the signal-to-noise ratio of an OCT system (amplitude imaging). 

Then,the minimal detectable flow can be expressed as
9, 25, 84, 88, 89

, 
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For the μODT system in this study, 800nm, SNR98dB and t=1ms (i.e., at a 

low scanning rate f=1kHz), vmin can be calculated as 

sm
tn

SNR
v /8.4

4

)( 2/1

min 










       (8.5)  

To validate the flow sensitivity experimentally, a phantom study was performed 

in which 2 blood vessels were simulated using 0.5% intralipid in a bidirectional 

translucent capillary tubing (PE10, 280m) surrounded by solidified scattering matrix 

using 0.5% intralipid mixed with 1% agarose which mimicked the brain tissue. A high 

precision syringe pump (CMA400, CMA Microdialysis, Sweden) was connected to the 

capillary tubing for accurate flow rate control (vp) and the flow direction with respect to 

the laser beam was set to 84° to further reduce the apparent Doppler flow. μODT 

images were reconstructed by both traditional PSM and our newly developed PIM for 

comparison.  
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Tab.8.1  Experimental comparison of flow sensitivity 

 

* The measured flows were calculated based on the mean values of the randomly distributed bidirectional 

flows. However, if calculation was based on absolute flow (unidirectional flow, similar to μOCA) 

measurement, then the measured flow rates were 38μm/s and 36μm/s for PSM and PIM, respectively. 

Tab.8.1 compares the μODT images by PSM and PIM under 3 different flow 

rates. The results indicate the system  was Brownian-motion limited
84

. At near-zero 

flow with vp=0.1μL/min, a theoretical flow rate of 3μm/s was predicted inside the 

capillary tubes; however, μODT images with both PSM and PIM affirmatively detect the 

slow flows in the range of 30~40μm/s (based on averaged absolute flow similar to that 

detected by μOCA) due to Brownian motion above the background phase noise level 

(sampled within the solidified tissue area P). The measured noise level of PSM 

(min6.6μm/s) is higher than that of PIM (min4.9μm/s). Interestingly, based on μODT, 

the measured directional flow rates are 8.5μm/s by PSM and 6.5μm/s by PIM, which is 

close to pump rate of 3μm/s but with phase noise included. At the pump rates of 

vp=0.5μL/min and 1μL/min (allowed 15min to stabilize flow), the measured flow rates by 
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PSM (16.4μm/s, 34.6μm/s) and PIM (15.6μm/s, 33.3μm/s) are in close agreement with 

their theoretical predictions (14.9μm/s and 29.7μm/s), except a minor overestimation 

(1.5~5μm/s) likely induced by uncanceled Brownian motion. Overall, the measured 

minimal detectable flow rates min6.7μm/s for PSM and min5.0μm/s for PIM, the latter 

approaching the theoretical limit of min 4.8μm/s given by Eq.(8.5).  

It is noteworthy that for in vivo animal studies, additional phase noise induced by 

bulky motions (e.g., animal respiration, heart beat and other types of involuntary 

motions) cannot be ignored and may degrade the system phase detection sensitivity. To 

take these artifacts into account, the overall phase sensitivity should be measured and 

evaluated on in vivo experimental data. For example, the SNR performance in Fig. 8.4 

can be analyzed by measuring the background phase noise levels at 20 spots in no-flow 

zones (based on μOCA as shown in Fig. 8.4). The measured μODT flow sensitivity 

(noise flow rate) min 9.2±0.2μm/s was slightly higher than that of phantom value 

(min5.0μm/s), which was likely reflecting the phase noise induced by motion artifacts of 

in vivo imaging. 

 

Fig.8.4  Locations to sample background flow noise to characterize μODT flow sensitivity 
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Fig. 8.5 Separation of arterial and venous vessels for Fig. 8.11(a). 

 

8.2.12 Doppler angle correction 

 

Although several algorithms have been reported to enable absolute quantification 

of Doppler flow velocity
90, 91

, angle correction to the measured apparent flow image 

remains a challenge for Doppler OCT, especially when the angle approaches θ=90
0
 

(cosθ0), resulting in severe flow underestimation. Here, we introduce a simple vessel 

tracking algorithm based on 2D cross correlation to dynamically trace the vessel angle in 

3D and convert the measured apparent ODT to absolute quantitative ODT image 

accordingly.  

For a vessel of interest, a small rectangular area in a 2D cross-sectional ODT 

image (y=y0) encompassing the vessel boundary was cropped and served as the template 

to correlate with this vessel across different cross sections (y=y1, ..., yn). The normalized 
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2D cross correlation function between the small template and the adjacent cross section 

can be computed
92
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where (x', z') is the flow distribution (x'=x-p, z'=z-q) within the small window projected 

on the cross section and   is its mean flow, f(x, y) is the flow distribution within the 

template (y=y0) and vuf ,  is the mean of f(x, y), and (p, q) are the linear shifts of the (x, z) 

coordinates. Using Eq.(8.6), the corresponding coordinates (p, q)y under the maximum 

cross correlation  are retrieved to generate a 3D vessel coordinate matrix, and the 1D 

rescaling matrix cosθj for y=yj (j=1, ...n) is calculated accordingly, 
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where θj is the angle between laser beam and the flow direction, k=2-5 is the step size 

between the adjacent cross sections to be adopted as a compromise between angular 

resolution and phase noise. Applying Eq.(8.7) to the apparent flow image (x, z), the 

absolute flow *(x, z) with angle correction can be derived as, 

y

yzxv
yzxv

cos

),,(
),,(*               (8.8) 

Here, the correction is only applied to the pixels within the segmented vessel boundary. 

To validate the algorithm, a phantom study was performed in which 0.5% 

intralipid flowing through a pair of bidirectional translucent capillary tubing (PE10, 
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280m) was used to mimic 2 blood flows whose flow rate was accurately adjusted to 

vp=1.35mm/s using a high-precision syringe pump. Fig.8.6 shows the measured apparent 

bidirectional flows (a) and the absolute flows (b) after angle correction using Eqs.(8.6)-

(8.8). Depending on the angle, the measured apparent flow is underestimated to 

vA0.11mm/s around A (θ84
0
, cosθ0.10) and to vB0.26mm/s around B (θ79

0
, 

cosθ0.19). After correction, v*A1.1mm/s (error 18%) and v*B1.38mm/s (error 

3%), which indicates that the algorithm is able to effectively correct the angle effect. 

As anticipated, however, the correction error rises when the flow direction approaches 

θ90
0
. 

A

B

A

B

2 mm/s

0.3 mm/s

0

0

a)

b)

 

 

Fig.8.6  3D bidirectional flows before a) and after b) angle correction. 

 

The algorithm can also be applied to the in vivo CBF images to correct the angle-

induced artifacts. For example, the CBF rates after angle correction of several large (1, 2, 
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3), intermediate (4, 5) and small (5, 7) vessels in Fig 3 (Fig.S9) are presented in Tab.S2 

for comparison.  

 

Table 8.2. Angle correction for in vivo study 

Position 
Size 

(μm) 
Vein/Artery 

Apparent flow 

(mm/s) 
Angle 

Angle corrected 

flow (mm/s) 

1 40 A 0.26 87.00 5.0 

2 39 A 0.47 84.70 5.2 

3 44 V 0.25 82.60 1.9 

4 28 A 0.28 87.40 6.2 

5 22 A 0.33 86.60 5.5 

6 19 V 0.18 80.60 1.1 

7 8 C 0.25 62.00 0.53 

 

 

 

 

 

 

 

 

Interestingly, due to angle-induced artifact, the apparent flow rates at spots 1 and 

2 differ substantially (e.g., v1=0.26mm/s, v2=0.47mm/s) along a same vessel tree without 

major branches, the corrected results merge (e.g., v*1=5mm/s, v*2=5.2mm/s), which 

 

 

 

 

Fig.8.7  Selected vessels of interest for angle correction 

illustrated in the quantitative flow map 

 

 

 

Fig.8.7  Selected vessels of interest for angle correction 

illustrated in the quantitative flow map 
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indicates the effectiveness of the algorithm. However, it should be noted that like other 

published angle-correction algorithms, this method may fail in areas of vessel crossings 

due to the shadowing effects of ODT and for capillary vessels due to limited SNR, which 

is why we have not been able to correct the entire ODT image. 

 

8.2.13  Statistical Analysis.   

 

Data are presented as mean  s.e.m. P values to determine significant difference 

between groups were analyzed by performing either a paired t-test (two tail) or a 1-way 

ANOVA test (Systat software). 

 

8.3 Results 

 

8.3.1 Microangiography and quantitative capillary CBF imaging 

 

Arterial and capillary vasculatures play a crucial role in maintaining the energy 

requirements of the functioning brain and can accommodate to increasing tissue demands 

by modifying the diameters and speeds of flow in the vessel. Although the contrast of 

both OCA and ODT originates from the Doppler shifts induced by moving scatterers 

including red and white blood cells flowing in a blood vessel, they are detected under two 

distinct regimes. OCA uses dynamic laser speckle contrast to offset moving parts 
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(causing speckle variance) against the surrounding ‘stationary’ brain tissue, whereas 

ODT uses intrinsic Doppler phase shift to render CBF quantification. The upper panels 

in Fig. 8.8 illustrate how the enhanced spatial resolution of OCA (b) enabled us to 

accurately resolve the vessel-size diversity of the capillary beds on mouse cortical brain, 

which would have been otherwise overestimated by conventional OCA (a). For instance, 

the red arrows show that the two capillaries measured by OCA (15m, 13m) were 

accurately determined by OCA (5.4m, 3.5m). Fig.8.8c illustrates the advantage of 

3D OCA to image capillary cerebrovascular networks at high resolution and across a 

large FOV (111mm
3
). The lower panels show the efficacy of our new phase detection 

technique (PIM vs. PSM) for eliminating the phase noise induced by tissue motion, so 

that capillary CBF with both small vessel sizes (<5m) and slow flow speeds (10m/s) 

could be readily detected and quantified. A comparison between Fig.8.8c and Fig.8.8f 

illustrates the capability for quantitative ODT of cerebral microvascular networks with 

spatial resolution (for measuring capillary vessels) fairly comparable to that of OCA. 

More importantly, as both images were acquired simultaneously, it allowed us to study 

vasculatural (OCA) and physiological (ODT) changes in response to functional and 

pharmacological interventions.   
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Fig. 8.8 Cerebral vasculature (upper panel) and cerebral blood flows (CBF) (lower panel) of 

the mouse somatosensory cortex imaged by 3D OCA/ODT. a)–b) Maximum intensity 

projection (MIP) images of vasculature by OCA (10m) and by OCA (3m). Capillary 

vessels that appear largely identical (15m) in OCA are fully restored to their real sizes 

(e.g., 3.5m) by OCA. c) 3D projection of the OCA image. d)–e) The corresponding MIP 

images of quantitative CBF rates by existing PSM algorithm and by the new PIM 

algorithm. PIM effectively enhanced the flow detection sensitivity to uncover capillary 

CBFs embedded in the noise background. f) 3D projection of the ODT image. Image size 

(FOV): 111mm
3
; Arrows illustrate two capillary vessels (5.4m, 3.5m) for 

comparison. 

 

8.3.2 Laser-induced Microvascular Disruption 

 

To validate the utility of this technique for assessing microvascular networks, we 

used laser disruption as a reference intervention since it allowed us to assess the 
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downstream and compensatory responses of cerebral microvascular networks to an insult 

that is restricted to a single microvessel. Fig.8.9 shows the results of laser disruption of a 

small 35.8±1.2m arteriole and of a 9m capillary. The laser’s disruption of the 

capillary (1) elicited only a small localized change in the OCA image (Fig.8.9b); in 

contrast, the ODT image showed not only the disruption of flow in this capillary but 

also the CBF decrease in the surrounding microenvironment (0.13mm, inner circle) as 

well as a massive vasodilatation across almost the entire FOV (1mm, outer circle). 

Quantitative analyses in Fig.8.9g-h showed a significant CBF increase (p<0.001) within 

the outer circle from 0.1050.049mm/s (baseline) to 0.2110.048mm/s (30min after laser 

disruption), which corresponds to the average CBF change from 20 capillaries. This is 

interesting, for it documents that interruption of flow in a single capillary will have a 

significant effect on CBF of the surrounding cerebral microvascular networks. Similarly, 

for disruption of the branch arteriole (2), both OCA and ODT detected laser-induced 

occlusion of the vessel, but ODT was able to track the quenching effect of local 

microvascular networks, i.e., the capillaries with an active circulation, over a much large 

area (0.5mm, dashed half circle) than that detected by OCA (0.21mm, dashed 

circle). The results show the value of quantitative ODT for monitoring not only local 

but also downstream CBF responses to a circumscribed insult to a small vessel in 

cerebrovascular networks, which is necessary for understanding the buffering capacity of 

microvascular networks to cerebrovascular pathology. 
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Fig. 8.9 Laser induced disruption of a cerebral capillary and a branch vessel on the mouse 

somatosensory cortex. Upper panel: MIP images of vascular architecture by OCA at 

baseline in a), after laser disruption of a 9m capillary vessel 1 in b), and of a 35.8m 

arteriolar vessel 2 in c). Red and blue arrows show the flow directions of arteriolar and 

venial vessels (see Fig. S5 for vessel-type separation), and the dots indicate that vessel 

junctures. Lower panel: MIP images of the CBF rates by ODT at baseline d) and after 

laser disruptions e) and f), respectively. Angiography showed no difference except reduced 

vasculature in the immediate areas (dashed green circles in b, c) around the site of laser 

disruption (green dots); whereas the quantitative CBF image reveals the vastly expanded 

vasodilatation seen almost over the entire field after laser disruption of a capillary (dashed 

outer green circle in e) and the quenching of local CBF networks seen over a much larger 
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area (dashed green circle in e). Quantitative comparisons among 20 capillaries indicate that 

the CBF rate increased significantly from 0.1050.049 mm/s at baseline to 0.2110.048 

mm/s at 30min after laser disruption (g and h; p<0.001). Image size: 11.21mm
3
; laser 

radiation dosages: =532nm, P=60mW, 3m focal spot, 2min exposure for capillary 1 

and 6min exposure for branch arteriole 2.  

 

8.3.3 Repeated cocaine evokes cerebral microischemia 

 

Neuroimaging studies on the hemodynamic effects of cocaine are crucial to 

elucidating the mechanisms underlying its neurotoxicity including microcirculatory 

pathology (micro-hemorrhagic stroke) and hemodynamic dysfunction (microischemic 

stroke). The ultrahigh resolution/sensitivity and large FOV of OCA/ODT (Figs.8.8-8.9) 

show its relevance for these studies. Fig.8.10 shows the results of mouse cortex before 

and after acute cocaine challenge (2.5mg/kg, i.v.) and identifies the occurrence of what 

appears to be a cocaine-induced microischemia along with the CBF response patterns of 

the adjacent cerebrovascular networks. The upper panel (a, b) shows the shunt of an 

arcade (23m) interconnecting two side branch arterioles. Cocaine abolished the flow 

in this vessel which appeared as indiscernible by ODT even though it was fully 

detectable by OCA. This suggests that the cocaine-induced ischemic dysfunction 

probably reflected vasoconstriction of an isolated vessel rather than vessel rupture vessel 

rupture resulting in hemorrhage would be evidenced by local blurring due to pronounced 

blood backscattering) or upstream vasoconstriction. Moreover, the fact that there was no 

CBF drop in the surrounding microvascular networks suggests that the interruption of 

flow in this arcade was compensated by the microcirculatory networks, even when the 

shunt was long lasting (remained for >40min). More importantly, this result suggests 
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quantitative CBF imaging (ODT) is more sensitive for detecting ischemic events than 

angiography (OCA).  

In contrast, the lower panels (c-j) show the progression of vasoconstrictions and 

local ischemia (mostly shunts of terminal vessels) after repeated acute cocaine injections 

(3 repeated doses of 2.5mg/kg/each, i.v.), although no vasculatural impairment such as 

vessel rupture was observed. The dashed green, blue and yellow circles outline the 

deactivated branch vessels elicited by 1-3 cocaine doses, respectively (c-i). A comparison 

between panels (c, d) shows that terminal arterioles (77%) were more vulnerable to 

ischemic shunts than terminal venules (23%). Noticeable drops of active circulation in 

the immediate capillary circuits and the spreading of vasoconstrictive clouds (dashed 

dark circles) with repeated cocaine revealed that the microcirculation was bypassed (local 

cerebral microvascular network was unable to compensate). Such microischemic events 

were focal and probably undetectable by current imaging methods, including OCA (e.g., 

no obvious disruption was detected by OCA in panel (d) even after the 3 repeated 

cocaine injections). Note that the differences between the ODT responses of different 

vessels (f, h, j) are likely to reflect the heterogeneity in neurovascular responses to 

cocaine, e.g., some areas in the bottom show increased (red) flow. This type of approach 

will enable to systematically evaluate the effects of acute and repeated cocaine 

administration on vascular architecture and CBF and to help understand the mechanisms 

underlying cocaine-induced ischemic and hemorrhagic strokes and provide with a tool to 

monitor potential therapeutic interventions.  
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Fig. 8.10 Cocaine evoked microvascular disruptions on the mouse somatosensory cortex. 

Upper panel is quantitative CBF images (ODT) to show disruption of a 23m 

interconnecting branch arteriole (arcade arteriole); low panels show the progression of 

cocaine-evoked deactivations of branch vessels and the spreading of vasoconstriction (dark 

dashed areas) with repeated cocaine challenges. a) baseline, b) 30min after acute 

intravenous cocaine injection; insets: OCA images to illustrate vascular architecture of the 

dashed area. Image size: 111mm
3
. c, d) ODT and OCA at baseline, e-j) ODT and 

ODT (ratio image) after 1-3 acute intravenous cocaine injections (green, blue, and yellow 

dashed circles: occluded vessels after 1st, 2nd and 3rd cocaine, respectively; dark circles: 

vasoconstrictive cloruds). Image size: 221mm
3
. Red and blue arrows show the flow 

directions of arteriolar and venial vessels, and the dots indicate that vessel junctures. 

 

 

8.3.4 Inhomogenity of spatiotemporal responses of CBF to cocaine 
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 As a prolonged time is needed for quantitative detection of capillary CBF, a full-

size 3D ODT image (e.g., Figs.8.8-8.10) might require over 8min of scanning, which 

may not be adequate to observe the fast dynamic responses of the cerebrovascular 

networks during functional or pharmacological activation such as those that occur after 

an intravenous cocaine challenge. As a compromise, we reduced the image size in the y-

axis (anterior-posterior) so that the spatial and the temporal dynamics of cocaine-evoked 

CBF responses could be visualized. Fig.8.11 illustrates the time-lapse 3D ODT images 

(10.121mm
3
) following a bolus injection of cocaine (2.5mg/kg, i.v.). The upper panels 

show the quantitative CBF images with extended flow dynamic range. The middle panels 

plot the time-lapse ratio images defined as CBF(t)[CBF(t)-CBF(tb)]/CBF(tb) to 

illustrate the spatiotemporal evolutions of arterioles, venules, and capillaries. The lower 

panel shows cocaine-evoked dynamic responses of CBF in vein (1), arteriole (2), venule 

(3) and capillaries (4-6). The transient CBF(t) of branch vessels (1-3) involved a rapid 

CBF drop (24min) followed by a slow recovery lasting 10-30min, with the arteriole (2) 

showing more pulsate features. In contrast, the capillary flows exhibited vigorous pulsive 

changes in response to cocaine challenge and more diverse patterns including transient 

overshooting. 
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Fig. 8.11 Spatiotemporal evolutions of CBF mouse somatosensory cortex in response to an 

acute cocaine challenge (2.5mg/kg, i.v.). a) Time-lapse CBF images (10.121mm
3
/panel); b) 

Normalized ratio images (CBF) with time, showing heterogeneous patterns in response to 

cocaine; c) time-lapse CBF curves for 3 branch vessels (solid curves) and 7 capillary 

vessels (dashed curves) whose positions are marked by light green lines in a). The CBF rates 

in larger branch vessels (1: vein, 2: arteriole) show a dramatic transient drop (60-70%) 
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within the first 2-3min followed by a slow recovery, similar responses are seen in the smaller 

vein (3: venule) except the dip is smaller (40%) and delayed to 6-7min. Noteworthily, the 

arteriole recovers faster (at 5min) and exhibits more pulsive patterns than the 2 venules 

(e.g., at 12min for 1). In contrast, capillary vessels show dramatically different patterns 

and more vibrant or pulsive changes with cocaine. Red and blue arrows show the flow 

directions of arteriolar and venial vessels, and the dots indicate that vessel junctures. 

 

8.4 Discussions 

 

Here we show that cocaine interrupted CBF in some arteriolar branches for over 

45min and this effect was exacerbated with repeated cocaine administration. In addition 

we show that cocaine produced marked decreases in CBF (e.g., 70%) shortly after acute 

cocaine administration (2-3min) and that the magnitude and recovery differed between 

vessels, showing faster recovery in arterioles (5min) than in venules (12min) and 

revealing marked variability and pulsatility in capillaries (recovery varied from 4-20min). 

These findings provide evidence that acute cocaine elicits cerebral microischemic 

dysfunction that seems to get exacerbated with repeated cocaine administration. It also 

uncovers significant heterogeneity in the cerebrovascular responses to cocaine, 

highlighting the importance of separately assessing vessels of different calibers.  Our 

findings were possible due to the enhanced capabilities of OCA/ODT, which 

demonstrates its value as a novel and more sensitive tool for investigating neurovascular 

toxicity by drugs or other insults.  

Our cocaine findings are relevant since stroke is one of the most serious clinical 

complications associated with cocaine abuse. Indeed cocaine is a main risk factor for 

stroke among young abusers.
93

 Though it was hypothesized that cocaine-induced cerebral 
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microischemia was involved in some of the clinical complications seen in cocaine 

abusers, there was no data to support this. Here we show evidence of long-lasting CBF 

interruptions in cerebral microvessels (>45min) that are exacerbated with repeated 

cocaine administrations. Specifically, 3 sequential cocaine doses induced greater changes 

than those induced after a single dose, which is clinically relevant since cocaine when 

abused is repeatedly administered in binges and rarely used as a single administration.
94

 

Thus a sensitized response of cerebral microvessels to repeated cocaine administration 

could contribute to cocaine’s neurotoxic effects. More specifically, the long-lasting 

interruption in flow observed in some of the vessels, if it is exacerbated with repeated 

cocaine use could result in microischemic dysfunction and if prolonged could lead to 

neuronal death and loss of function. We had previously used Doppler OCT to show 

decreases in CBF after acute cocaine,
89, 95, 96

 but the limited resolution and sensitivity did 

not allow us to measure the effects of cocaine on capillary beds.  In the current study the 

enhanced capabilities of OCA/ODT allowed us to document cocaine-induced 

microischemic events in capillaries and to show marked differences in the responses to 

cocaine between arterioles, venules and capillaries in the cerebrovascular networks 

(Figs.8.10-8.11). Of these the capillaries showed the greatest variability and pulsatility 

upon intravenous cocaine administration, and the terminal arterioles (77%) seemed 

more vulnerable to cocaine-elicited microischemia than terminal venules (23%). 

The mechanisms underlying cocaine vasoactive effects are likely to reflect in part 

its dopaminergic effects.  Indeed there is evidence of dopamine terminals in close contact 

with arterioles and capillaries in cortical tissue that when stimulated results in 
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vasoconstriction.
97

 Studies on isolated cerebral arterioles have shown that application of 

cocaine or its metabolites induced vasoconstriction corroborating a direct effect of 

cocaine on blood vessels as opposed to indirect effects secondary to neuronal actions
98

. 

Moreover, vasoconstriction from cocaine was prevented by haloperidol, which suggests 

the involvement of dopamine (D2) receptors in cocaine induced vasoconstriction
98

.  

There is also evidence of dopamine transporter expression (target of cocaine’s effects) in 

cerebral blood vessels in the brain
99

. However, it is also possible that the local anesthetic 

effects of cocaine may contribute to its vasoactive actions
100

. 

Our findings also demonstrate the enhanced capabilities of our OCA/ODT tool 

for simultaneously rendering angiographic (OCA) and quantitative CBF (ODT) 

images of 3D cerebrovascular networks with capillary details comparable to those by 

MPM. Specifically, we incorporate ultrahigh-resolution OCT for improving spatial 

resolution (3m) and PIM (based on FFT analysis in lateral direction
9, 84, 89

) for 

optimizing phase detection sensitivity (10m/s, Tab.8.1), and show that the new 

OCA/ODT platform offers several unique capabilities that are highly relevant to brain 

functional studies, yet lacking in current imaging modalities (e.g., MPM, OCA). This 

technique, based on intrinsic Doppler effect (i.e., tracker free), enables time-lapse 

imaging of the dynamic responses to brain functional activation (Fig.8.11) and disease 

progression
2
. It extends the image depth of MPM (300m) to 700m1mm and the 

vastly increased FOV (e.g., 221mm
3
) is crucial for mapping cerebral microvascular 

network effects. Noteworthily, ODT is uniquely capable of CBF quantization in both 

capillaries and branch vessels (Figs.8.9-8.11), which provides more sensitive 
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physiological changes (e.g., microischemia) in the local microvascular networks than 

OCA (Figs.8.9-8.10). Additionally, it allowed us to separate venous and arterial 

vasculatures and thus to study their respective physiological responses to various 

functional and pharmacological interventions (Figs.8.9-8.11).  

A limitation in our study was that the mice had to be anesthetized (as is the case 

for most rodent imaging studies), which raises concerns of potential interactions between 

cocaine and the anesthetic agent. However, we specifically chose isoflurane since in a 

prior study addressing the influence of anesthetic drugs on cocaine’s effects we showed 

that the findings from the isoflurane-anesthetized rodents agreed with those reported in 

human subjects
101

 and more recently with those reported in awake macaques.
102

 

Moreover, isoflurane did not uncouple cocaine’s effects on CBF from those in oxygen 

metabolism, which suggests that at the doses used to anesthetize the mice, isoflurane did 

not disrupt the autoregulation of CBF. Also to control for potential confounds secondary 

to cocaine-induced peripheral vascular effects
102

 we monitored the mean arterial blood 

pressure (MABP) throughout the experiments. Although MABP decreased in response to 

cocaine this effect was modest (MABP>70mmHg) and short lasting (<5min), suggesting 

that neither the immediate (Fig.8.11) nor the long-lasting (Fig.8.10f, h, i) decreases in 

CBF following cocaine administration were due to cocaine’s peripheral effects. In 

addition, the measured apparent CBF comprises artifacts (e.g., underestimation) due to 

Doppler angle effect, especially when the angle 90
0
. The error can be accurately 

corrected; however, angle correction of the entire CBF network is challenging because of 

high correction errors for flows with 90
0
 and limited sensitivity for capillary beds. It 
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should also be noted that due to limited temporal resolution of 3D ODT (e.g., 1min), the 

imaged CBF change in response to cocaine (e.g., Fig.8.11) was confounded with the 

inherent CBF fluctuation over time (e.g., basal CBF(t: t<0) variations in Fig.8.11). 

Although this change in larger vessel (e.g., >50m) was negligible (8%) compared to 

the changes induced by cocaine (e.g., 50%), the influence was more obvious in smaller 

vessels and capillaries.  

In summary, we provide evidence that cocaine induced cerebral microischemic 

changes that in some vessels were long lasting (>45min) and were exacerbated with 

repeated administration. This could underlie some of the neurologic deficits reported in 

cocaine abusers ranging from mild and transient facial paralysis, to severe and 

irreversible tetraplegia.
103

 We also show evidence of the enhanced capabilities of 

OCA/ODT for studying the dynamic responses of cerebral microvessels to drugs and 

other insults. 
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Chapter 9 Quantitative imaging of red blood cell 

velocity in vivo using optical coherence Doppler 

tomography 

 

9.1 Introduction 

 

Cerebrovascular networks play a vital role in regulating brain oxygenation and 

energy supplies and thus serve as the basis for most functional neuroimaging approaches 

(e.g., PET, f-MRI).
104

 However, studying the physiology of cerebral microvascular 

hemodynamics requires quantitative imaging tools that can provide both high 

spatiotemporal resolutions and a large field of view (FOV). For instance, multiphoton 

microscopy (MPM)
105

, which enables imaging of red blood cell (RBC) velocities RBC 

in capillaries at up to ~300μm of depth is very useful for studying neurovascular 

physiology in vivo; however, the measurements are limited to capillary vessels and 

require administering fluorescence dyes, thus limiting its use in studies that require 

repeated imaging as may be needed when monitoring dynamic vascular responses. 

Recent advances in photoacoustic microscopy
106

 and coherence-domain optical 

techniques (e.g., optical microangiography)
83, 107, 108

 have permitted label-free 3D 
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visualization of the cerebral networks with unprecedented neurovasculatural details. 

Although quantitative 3D imaging of cerebral blood flow speeds (CBF) has been reported 

using optical coherence Doppler tomography (ODT), the flow sensitivity and spatial 

resolution are insufficient to fully resolve the capillary CBF in brain cortices. In this 

Chapter, we present a technique, termed "particle-counting ultrahigh-resolution ODT" 

(pc-ODT) that allows accurate imaging of capillary RBC without the need for 

fluorescence labeling. In addition, we demonstrate the capability of pc-ODT for 

functional neuroimaging studies on a mouse model of cerebral hypercapnia.  

 

9.2 Methods 

 

pc-ODT operates in a similar manner to MPM for imaging RBC velocity (i.e., 

RBCs passing through a capillary per unit time) in that MPM counts the intensity 

transient of a fluorescently labeled RBC whereas pc-ODT counts the resultant Doppler 

phase transient of a moving RBC. The ultra-sensitive detection of individual RBC-

induced phase transients is made possible by the combination of ultrahigh-resolution 

OCT (OCT) with a  phase-intensity-mapping (PIM) algorithm recently developed in our 

lab to enhance the sensitivity of Doppler flow detection
109

. Fig. 9.1 illustrates the 

principle of pc-ODT, in which a broadband spectral-domain OCT was illuminated by a 

sub-8fs laser (=800nm, 128nm). A high axial resolution (i.e., coherence length 

Lc=2(ln2)/ 
2
cs) of 1.8m was achieved in brain by maximizing the bandwidth (e.g., 

cs154nm) of the cross spectrum (Scs()[Ss()Sr()]
1/2

, where Ss(), Sr() are the 
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sample and reference power spectra) and compensating the dispersion mismatch between 

sample and reference arms
55

. The collimated light in the sample arm was transversely 

scanned (x/y-axes) by a high-precision servo mirror and focused with a f16mm/NA0.25 

objective (lateral resolution: 3μm) onto the capillary beds through a cranial window, 

enabling the resolution of individual capillaries (e.g., 3-7m) in the cortex of a mouse 

brain. The backscattered light from the mouse cortex of different depths (along z-axis) 

was collected back to the sample arm and recombined with the reference light in the 

detection fiber to be detected by a spectral imager (a 2048-pixel linear CCD camera, 

Atmel) synchronized with sequential x/y-scans at 20kHz to acquire 2D/3D OCT 

images. The raw image data were stream-lined via camera link to Raid-0 hard disks 

(300MB/s) of a PC for image processing by FFT analysis to reconstruct and display the 

Doppler flow (ODT) images.  

 

Fig.9.1. A sketch to illustrate pc-ODT for accurate imaging of capillary RBC, which was 

based on spectral-domain 3D OCT.  RBC was measured by counting the number of frames 

(n) across a RBC, where f =1.1kHz is the frame rate for pc-ODT. 
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PIM for high-sensitivity 3D ODT reconstruction
109

 is based on linearly 

projecting the flow-induced Doppler frequency shift x, z to its intensity in the Fourier 

domain (in x-axis), 
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where P(z, x) is a linear intensity projection to x, z and I(k, x) is the detected spectral 

OCT signal. k=2/ is wave number and i refers to the i-th flow xi, z. As PIM requires 

high-capacity data acquisition (e.g., a 0.05m-pitch sampling over 1mm or 20k points in 

x-axis) and intensive computation, 3D ODT was reconstructed by post-image 

processing (e.g., 4min for a 3D ODT of 20k×0.5k×2k voxels). A pre-scan with simple 

phase-subtraction method (PSM)
23

 was applied to permit real-time flow display, so that 

the parameters for cortical flow imaging such as the focus onto the capillary beds and the 

field of view of interest could be optimized. With the coordinates (z, x, y) of individual 

capillaries accurately located by 3D ODT, pc-ODT is then performed to quantitatively 

image capillary RBC. In this study, cross-sectional ODT scans perpendicular to a 

capillary of interest were implemented. Assume that a capillary is of 7m, a minimal 

of 7.6m lateral scanning range is needed to fully cover the cross section of the capillary. 

And as a high pitch density such as x0.32m is required by PIM to detect RBC-

induced minute Doppler phase changes, 24 A-lines (xN=7.6/0.3224) per 2D ODT were 

adopted. Meanwhile, as a RBC is of DRBC5m and capillary RBC1mm/s, an ODT 

scanning rate of f1kHz (i.e., 1kfps) is needed to ensure n5 time-lapsed ODT frames 
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to be captured during the crossing of a RBC through the capillary in order to provide 

sufficient temporal resolution for accurate RBC quantification. Both requirements were 

fulfilled by running the ODT system at its full A-scan rate (27kHz), which provided a 

frame rate of f1.1kHz for pc-ODT. The image reconstruction of pc-ODT was post-

processed by PIM, similar to that of ODT. An oversampling across the vessel wall 

provided sufficient points (xN=24) in the lateral direction for PIM to calculate its phase 

image (x, z; t), and phase subtraction (x, z; t) between 2 adjacent 2D phase images 

was used to retrieve the instantaneous phase change profile, by which the background 

phase noise (n) caused by the micromotion of the vessel wall was largely removed with 

a dynamic mask generated based on phase thresholding (e.g., T1.2n). This was 

because an abrupt phase transient was generated upon the arrival (‘+’) or the departure (‘-

’) of a RBC across the small imaging section. RBC could be assessed by  

)( nfDRBCRBC              (9.2) 

where n is the total number of sampling cross-sections over a RBC. As the length (DRBC) 

and RBC are in the same direction, Eq.(9.2) can be approximated to a more general 

situation where the capillary flow has angles with x-/y- axes.  

 

9.3 Results 

 

To demonstrate the capability of pc-ODT for accurate capillary RBC 

measurement in vivo, we chose a mouse model of cerebral hypercapnia as it has been 
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extensively validated and widely used as a means to increase CBF.
110

 Female CD-1 mice 

(8wks of age) were used in the experiments during which they were anesthetized with 

inhalational 2% isoflurane mixed with 100% O2 and mounted on a custom stereotaxic 

frame. A 5mm cranial window was created on the mouse brain with the dura left 

intact. The exposed brain surface was then covered with 2% agarose gel under a glass 

coverslip. Mild hypercapnia was induced by switching the gas from 100% O2 to a 

mixture with 5% CO2. All the animal procedures were approved by the Institutional 

Animal Care and Use Committee of the Stony Brook University. 

 

Fig.9.2  3D ODT of mouse cortical CBF networks in vivo. (d, i): quantitative CBF images 

with enhanced sensitivity (0-3mm/s) by phase unwrapping. k, l): hypercapnia-elicited CBF 

changes in vessels of different caliper. Red, blue arrows in (a): arteriolar and venous flows. 

Image size: 1.611mm
3
; CV in (d, i): a capillary vessel chosen to perform pc-ODT in 

Fig.9.3. 

  

Fig. 9.2 shows quantitative 3D ODT images of cortical CBF networks in 

normocapnia vs. hypercapnia. As CBFs in large branch vessels and capillaries are vastly 

different, ODT acquired at 10kHz (c, h) was temporally down binning (i.e., to prolong 
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t) to 5kHz (b, g) and 1kHz (a, f) and then recombined (d, i) by phase-unwrapping to 

extend the dynamic range to 0-3mm/s for enhancing flow detection. Owing to 

significantly improved flow detection sensitivity of PIM and spatial resolution of OCT, 

the 3D projection images (e, j) over a small region (0.40.4 0.6mm
3
) show abundant 

microcirculatory CBF networks, in particular, the high turnout of the capillary CBF. 

Although the CBF increase elicited by hypercapnia was clearly visualized by comparing 

the corresponding images (e.g., d vs. i or e vs. j), their ratio image (k=d/i) exhibits the 

heterogeneous CBF responses to hypercapnia in the cerebrovascular networks. The 

statistical figures by student’s t tests in Fig. 9.2l indicate that CBF increased 6130% in 

capillaries vs. 4214% in small and 2212% in large branch vessels.  

Fig. 9.3 shows pc-ODT images across a 5.6m capillary (CV) in Fig. 9.2(d, i). 

The two subsets on top of panel a) show the microangiographic (OCA) and Doppler 

phase (ODT) images at time points without and with a RBC flowing through the 

capillary, indicating that the passage of a RBC elicited a predominant phase transient 

compared to the phase noise induced by the motion artifacts of the vessel wall and of 

plasma. Thus, by analyzing time-lapse pc-ODT images, important microcirculatory 

parameters such as RBC flux (RBC counts/s), and RBC and hematocrit (i.e., fractural 

volume of RBCs) can be quantified. For instance, by averaging the pc-ODT images 

within the masked vessel wall over two 0.48s traces, the erythrocyte flux, mean RBC and 

hematocrit in normocapnia (a) were 19/s, N=0.72±0.15mm/s and 8.80% during 

hypercapnia (b), the flux increased 52.6% to 29/s and the mean RBC increased 36.1% to 
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H=0.98±0.29mm/s (i.e., H/N36.1%) while the hematocrit remained 9.86%. But it is 

noteworthy that high RBC fluctuations were evident in most capillaries; therefore, 

measurements over a longer period of time (e.g., >1min) should have been made. 

Interestingly, based on Fig. 9.2(d, i), CBF in the same capillary (CV) measured directly 

by ODT (Doppler CBF speed) were N0.27±0.03mm/s and H0.37±0.05mm/s, 

respectively. Taking into account the angle effect of light incidence (e.g., =57.6
0
, 

cos57.6
0
0.54), the values could be corrected to N=0.51±0.06mm/s and 

H=0.69±0.09mm/s. The results indicate that the capillary CBF rates can be markedly 

underestimated by errors resulting from both uncorrected angles of Doppler measurement 

(more severe for horizontally oriented flows) and low hematocrit (e.g., <50%). 

Nevertheless, the relative change (H/N36.1±5.3%) by pc-ODT matched that 

(H/N35.3%) by ODT.  
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Fig.9.3 Capillary RBC measured by pc-ODT. a, c): time-lapse pc-ODT images; b, d): 

their RBC traces. Top 2 sublets show the Doppler phase transient with the passage of  a 

RBC. 

 

9.4 Discussions & Conclusions 
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In summary, we present a method pc-ODT based on Doppler phase thresholding 

technqiue that enables accurate measures of cerebral capillary RBC velocity, and flux and 

hematocrit with no need of fluorescence labeling (e.g., tracker free). While the Doppler-

based ODT measures average velocity of all moving scatterers (RBCs) over the camera 

exposure, pc-ODT accurately tracks the velocity of individual RBC (RBC). For laminar 

flow (e.g., aterioles or venules in Fig. 9.2), ODT provides sufficient accuracy to retrieve 

their continuous parabolic flow profiles. However, for discrete flow in capillaries, the low 

hematocrit (e.g., <50%) leads to severe underestimation of RBC (averaged over time), as 

confounded by the angle effects. Similar to MPM, pc-ODT - although accurate - is 

unable to quantify large laminar flows. Interestingly, our results in Fig. 9.3 show that, 

despite underestimation, the hypercapnia-elicited CBF increase (H/N) measured by 

ODT matched that by pc-ODT, suggesting that ODT can be suited for quantitative 

imaging of the CBF changes (CBF) in the cerebrovascular vessels of different calibers 

(including capillaries). This is crucial for brain functional studies, because ODT is a 

unique neuroimage tool that enables quantitative imaging of changes in CBF networks 

(both branch vessels and capillaries) at high spatiotemporal resolutions, over a FOV, and 

without fluorescence dye loading. It is noteworthy that pc-ODT may not able to 

separate the contributions of RBCs from other moving particles such as white blood cells 

in the blood stream. In addition, pc-ODT at a higher frame rate (e.g., 140kHz by 

employing new CMOS linescan cameras) and by employing other scanning scheme is 

being performed to further enhnace the temporal resolution for RBC detection or to 
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extend the lateral scanning region to allow for simultaneous pc-ODT detectionof RBC in 

multiple capillaries. 
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Chapter 10 Cerebral Blood Flow Imaged with 

Ultrahigh-resolution Optical Coherence Angiography 

and Doppler Tomography 

 

10.1 Introduction 

 

 Cerebral blood circulation is essential to preserve the function of a living brain. 

Visualization and quantification of cerebral blood flow (CBF) can greatly advance our 

understanding of cerebral microcirculation and hemodynamics. Recent technological 

advances in OCT-based flow imaging techniques have evolved to two different 

approaches, i.e., optical coherence angiography (OCA) and Doppler tomography (ODT) 

for vasculatural visualization and quantitative imaging of CBF in vivo. OCA extracts 

comprehensive vascular contrast based on image processing methods to separate apparent 

flows from the background phase noise, including phase-based approach such as optical 

microangiography (OMAG)
111

 by Hilbert analysis in the lateral direction, Doppler 

variance method
28

 by characterizing the broadening of the Doppler spectrum, frame 

subtraction method
83

 by high-pass filtering in the slow lateral direction, and speckle 

variance method
112

 by analyzing the intensity variance across sequential cross-sections. 
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Meanwhile, ODT measures the Doppler phase change induced by moving scatterers (e.g., 

red and white blood cells) to enable quantitative CBF imaging. In addition to phase 

subtraction method (PSM)
23

 which measures the Doppler phase shift between adjacent A-

scans, several new algorithms have been reported to enhance flow detection sensitivity, 

including joint spectral- and time-domain method
25

 with 2D fast Fourier transform (FFT) 

analysis, digital frequency ramping method
7
 to circumvent the need of hardware 

modification for flow quantification, volumetric flow imaging
26

 by Hilbert analysis to 

remove background phase noise, and dual-beam approaches
113, 114

 to enable detection of 

both slow and fast flows. However, it is known that the vascular turnouts provided by 

speckle contrast OCA surpass those detected by ODT, especially for capillary beds. In 

this letter, we present experimental results on both flow phantom and in vivo animal 

(mouse brain following laser-induced microischemia) studies to elucidate the mechanistic 

differences between these two methods for CBF detections. 

 

10.2 Methods 

 

The imaging platform used in this study -combining 3D ultrahigh-resolution OCA 

(OCA) and ODT (ODT)- involved modification of previously reported ultrahigh-

resolution spectral-domain OCT (OCT) setup
55

, in which a sub-8fs laser was used for 

ultra-broadband illumination (=800nm, 128nm) to a 22 broadband fiberoptic 

Michelson interferometer. Its reference arm was connected to a grating-lens-based optical 

delay line (together with a prism pair in the sample arm) to compensate the dispersion 
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mismatch and maximize the bandwidth (e.g., cs154nm) of the cross-spectrum (Scs() 

 [Ss()Sr()]
1/2

) between the sample and reference arms (Ss(), Sr(): sample and 

reference power spectra), so that an axial resolution (i.e., coherence length Lc=2(ln2)/ 


2
cs) of 1.8m in brain tissue was reached. Light from the sample arm was collimated, 

scanned transversely by a precision servo-mirror (x-, y-axes), and focused by an 

f16mm/NA0.25 microscopic objective (e.g., transverse resolution: 3m) on the 

capillary beds of mouse cortex through a cranial window. The back scattered light from 

cortical brain at different depths (along z-axis) was collected back to the sample arm and 

recombined with the reference light to be detected by a spectral imager in which the 

collimated light (10mm) was spectrally diffracted (1200
-1

/mm) and focused (f=85mm) 

onto a linear CCD camera (2048pixels, Atmel) running at 27kHz. Synchronizing the 

CCD camera with sequential x-scans (e.g., 500 pixels), 2D OCT (z-x image) was 

acquired at 54fps and streamlined via camera link to the hard disks (300MB/s, Raid 0) 

of a workstation for parallel 2D/3D image processing and display by inverse FFT. 

However, unlike OCT for architectural imaging, specific scanning schemes were 

implemented to facilitate simultaneous OCA and ODT for in vivo visualization of 

microvascular networks and quantitative imaging of capillary CBF. For OCA imaging, 

the camera was configured at its highest rate (27kHz) to acquire 4 consecutive I(z, x) 

images per z-x plane (e.g., Ij(z, x)=FFT
-1

[I(k, x)k], j=03); thus, OCA could be 

expressed as their relative standard deviation (OCA(z, x)=|Ij(z, x)-I(z, x)|/(4I(z, x)), 

where I(z, x)=Ij(z, x)/4, j=03) based on modified speckle contrast approach
112

. For 
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ODT imaging, the camera was configured to acquire at 10kHz (down binned to 5, 1 

kHz) and the Doppler flow images were reconstructed by our newly developed phase-

intensity-mapping algorithm (PIM)
109

 for enhancing CBF detection sensitivity. 

 

Fig. 10. 1 Comparative results of OCA and ODT for bi-directional flows in a translucent 

280m capillary tube at the pump rate of vp=0, 23.6 and 47.2m/s. While the 

nondirectional flow imaged by OCA was offset by Brownian motion and only exhibited 

minor increase with vp, the directional flow imaged by ODT varied linearly with vp 

 

10.3 Results 

 

A flow-phantom study was performed to compare the differences between OCA 

and ODT for flow detection, in which 0.5% intralipid in a translucent capillary tubing 

(280m) was driven by a precision syringe pump (CMA400, Microdialysis) for accurate 

flow rate control. The bidirectional capillary tubes were immersed in a solidified 

scattering scaffold by mixing 0.5% intralipid with 1% agarose to mimic brain tissue. The 

micro fluidic chamber was tilted 85° to the OCT beam to reduce apparent Doppler 
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flow. Fig. 10.1 compares the results of OCA and ODT at the pump flow rate (vp) of 0, 

23.6, 47.2m/s. At vp=0m/s (with pump stopped and exhaust curtailed), ODT showed 

no directional flow (vODT0) as expected. In contrast, OCA showed that the speckle 

contrast in the tubes (OCA=16k counts)-representing their flows- was significantly higher 

than that of background noise level (b=10k counts), resulting from Brownian motion of 

solidified scaffold (scatterers) and the system noise. These results indicate that unlike 

ODT that detected directional flow (i.e., random Brownian motion was canceled), 

OCA detected random motion within the tubes. This implies that the higher sensitivity 

of OCA for detecting microvasculature was likely contributed from the Brownian 

motion of scatterers within the blood vessels including capillaries rather than directional 

flow (CBF). For instance, when the pump rate was increased to vp =23.6, 47.2m/s 

(15min was allowed to stabilize flow in each case), the results showed that ODT was 

able to identify directional flows and their flow rate increase; whereas OCA based on 

speckle contrast exhibited minor increase, likely due to the high offset of Brownian 

motion. 

For more quantitative analysis of the differences between these two approaches, 

we measured the changes of OCA and ODT with gradual increases of the pump rate vp 

from 0m/s to 35m/s. At each vp, the ODT image was reconstructed and a small 

circular area around the tube center was selected as the region of interest (ROI) and its 

mean flow velocity was calculated to represent its flow rate (vODT). Fig. 10.2 illustrates 

the quantitative analysis, in which curve fitting showed a close linear correlation between 
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ODT data vODT and the pump rate vp (R
2
=0.98). On contrary, the non-directional flow 

index (OCA) behaved very differently as shown by the red triangles. For vp 12m/s, 

OCA5k counts due to predominant Brownian motion and remained unchanged; for 

vp>12m/s, it increased slightly with vp. Quantitative analysis in Fig. 10.2 confirms that 

the high vasculatural detectability of OCA was mainly attributed to the Brownian-

motion offset (OCA5k counts). More importantly, ODT provided better sensitivity 

for detecting directional flow and the minimal detectable flow rate (vODT5m/s, with no 

offset) was substantially lower than that of OCA which was under Brownian-motion 

limit with a large offset of OCA 5k counts in the phantom study. 

To further validate these phenomena in vivo, we applied a mouse cerebral 

microischemia model. In this study, CD-1 mice (8 weeks old) were anesthetized with 

inhalational 2% isoflurane and then mounted on a custom stereotaxic frame. A 5mm 

cranial window was created on the somatosensory motor cortex with the dura left intact. 

The exposed brain surface was covered by 1% agarose gel and sealed with a glass 

coverslip. After OCA pre-scan to accurately locate the coordinates of individual blood 

vessels, a pigtailed green laser (532nm, 60mW) was interconnected via the sample arm to 

disrupt the vessels (2min exposure for capillary CBF and multiple exposures for 

intermediate CBF). The physiology of mice, including electrocardiography (ECG), 

respiration rate and body temperature, was continuously monitored.   
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Fig. 10. 2 Quantitative analyses of the flow-rate changes of directional flow by ODT and 

non-directional flow by OCA with the pump rate vp. OCA provided high sensitivity for 

detecting vasculature of minute slow flows due to the enhancement by random Brownian 

motion (OCA5k counts), ODT was able to detect directional flow velocity at an 

ultrahigh sensitivity of vODT5m/s in flow-tissue phantom. 

 

Fig. 10.3 shows the comparison results of ODT (pseudo color) and OCA 

(grayscale) over a field of view of 22mm
2
 on mouse cortical brain. Because of ultrahigh 

resolution (1.83m2) of OCT, high vasculatural details including capillary beds (e.g., 

3-8m capillaries) were readily visualized by OCA. Furthermore, the enhanced flow 

sensitivity by PIM allowed for detection of the quantitative CBF networks, especially 

minute slow CBFs (e.g., 10m/s) in capillaries, with almost identical vascular densities 

as those by OCA. To compare with the baseline data (panels a, b), upper half (c, d) and 
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lower half(e, f) panels show laser disruptions of a 35m (1) and a 27m (2) branch 

arterioles whose locations are marked by 2 green dots. As shown in ODT images (d, f), 

the downstream CBFs including those in the  

Fig. 10.3 Comparative OCA (upper panels) and ODT (lower panels) images of mouse 

cortical brain in vivo during baseline (a, b), after 1st (c, d) and 2nd (e, f) laser coagulations 

that induced microischemia. The locations of laser disruptions are marked with green dots. 

The dashed green circles highlight the spreading of CBF showdowns due to laser 

disruptions of 2 arterioles. Apparently, because of offset by Brownian motion, the areas of 

vasoconstriction (i.e., CBF shutdown) in OCA were smaller (underestimated) than those in 

ODT. Except at the coagulation spots, the disrupted vessels (both up- and down-streams) 

remain visible (although dimmer) due to Brownian motion. 
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 interconnected capillary beds diminished in 2 dashed green circles (the margins were 

determined by segmentation of ratio image, i.e., =(d-b)/b or (f-b)/b using threshold   -

35%). In other words, the CBFs in those vessels were deactivated as a result of laser 

disruptions. On contrary, the vascular shutdown of capillary beds by 2 laser disruptions 

(e.g., dashed green areas segmented with =(c-a)/a or (e-a)/a using threshold   -35%) 

was drastically smaller in OCA images. Interestingly, except those in close proximity to 

the disrupted spots (1, 2) where laser thermal coagulation might either solidify the blood 

or dramatically increase its viscosity that tranquilized Brownian motion, the speckle 

contrast signals within the arterioles (at 100m downstream) remained to be visualized, 

as highlighted by green arrows (decreased -28% for 1 and -24% for 2 by OCA vs. over -

95% by ODT). This was attributed to the contrast enhancement by the Brownian motion 

of blood inside the deactivated vessels. Therefore, the results of this in vivo study further 

validate that, while OCA may detect more vasculatures such as capillary beds due to 

Brownian motion enhancement, ODT provides more sensitive CBF quantification (e.g., 

unidirectional flow) and is thus more suitable for brain functional studies. 

 

10.4 Discussions & Conclusions 

 

In summary, we present new experiments to elucidate the differences between 

OCA (speckle contrast based) and ODT for imaging cerebral hemodynamic responses to 

functional brain activation and neurotoxicity. Although both OCA and ODT 
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techniques are based on detecting Doppler phase shift of moving backscatterers, our 

tissue-flow phantom and in vivo mouse brain studies suggest that these 2 approaches 

operate under different regimes of flow-induced motion detections. In the low-flow 

domain, OCA provides high vascular turnouts resulting from the enhancement of 

Brownian motion of free-moving red and white blood cells within the blood vessels. This 

renders OCA to visualize more vasculatural networks, including deactivated branch 

vessels as evidenced by the images of no-flow tubes (Fig. 10.1) and laser disrupted 

arteriolar branches (Fig. 10.3c,e). On contrary, ODT detects directional flows and is 

thus more suitable than OCA for studying cerebral hemodynamic responses to brain 

functional changes. By combing ultrahigh resolution of ODT and high phase sensitivity 

of PIM, we are able to readily detect microvascular CBF with capillary details (e.g., 3-

8m capillaries) and at ultrahigh sensitivity (10m/s). It is noteworthy that more work 

is needed to compare the results of flow detectability by other OCA approaches (e.g., 

phase-based OMAG or DFR-OCT) and the potential differences of Brownian motion 

offset value between intralipid (OCA  5k counts) and blood (potentially lower, due to 

less Brownian motion) in capillary tubes of smaller sizes (e.g., 100, 30, 8m). 
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Chapter 11 Enhanced Optical Doppler Tomography 

System to Investigate the Chronic Cocaine Effects on 

the Brain 

 

11.1 Introduction 

 

Investigations into the mechanisms of drug addiction play a crucial role in 

understanding the rewarding system of the brain.
115, 116

 Cocaine challenge is an 

established model
117

 for drug addiction research and has been extensively studied through 

conventional imaging methods (e.g., fMRI, PET)
118

. These approaches provide excellent 

results based on the whole brain at macroscopic level. However, due to limited 

resolutions (e.g, ~1mm), responses from different compartments at different calibers 

cannot be fully resolved. Recently, optical imaging methods, in particular, optical 

coherence tomography (OCT), shed light on the cocaine study because of its high 

resolution at large FOV. In Chapter  8, we reported on a new technique developed by our 

group- ultrahigh resolution optical Doppler tomography (µODT) for label free 

quantitative cerebral blood flow imaging at capillary level
109

. With intravenous cocaine 

challenge, this technique uncovered that CBF responses varied substantially among 
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different vessels, and cocaine induced microischemia in some arteriolar branches lasted 

for over 45 minutes and this effect was exacerbated with repeated cocaine 

administration
109

. However, that study focused on understanding the acute cocaine effects. 

To better understand the clinical cocaine addiction mechanisms, investigation into the 

vascular responses to chronic cocaine challenge is desired. 

Several established rodent models have been developed for chronic cocaine study, 

including the cocaine self-administration rat model, congenital learned helplessness 

(cLH) chronic treated rat model, and intraperitoneal cocaine treated mouse model. 

Meanwhile, technical advances in optical design, contrast agent and scanning protocol 

development have dramatically improved the performance of our current ODT system. In 

this Chapter, we study the chronic cocaine effect based on several rodent models by our 

enhanced ODT system.  

  

11.2 Materials and Methods 

 

11.2.1 System Setup 
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Fig. 11.1 Setup of the enhanced optical Doppler tomography system. 

 

Fig. 11.1 shows the enhanced ODT system. A high speed 3D Doppler OCT 

system was integrated into the multimodality microscope system through a home 

designed objective adapter. A broadband pigtailed light source with ~90nm bandwidth at 

1300nm central wavelength was employed to provide illumination for the fiberoptic 

Michelson interferometer. In the reference arm, the beam was collimated to pass through 

a wedge prism pair and focused onto a high reflective mirror to minimize the dispersion 

and match the path length with the sample arm. In the sample arm, the beam was 

collimated to 5mm and transversely scanned by a pair of galvo scanners and deflected by 

a hot mirror onto the stereoscope optical path, and then focused by an achromate onto the 

biological tissue under examination. Light back scattered from the reference and sample 

arms was recombined and detected in the detection arm through a home built high speed 
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spectrometer, in which light exiting the single mode fiber was collimated to 10mm, 

linearly dispersed by a holographic grating, and focused by an achromatic lens group 

onto a high speed InGaAs line scan camera (Sensors Unlimited Inc., NJ, USA). The OCT 

engine runs at an A-line rate of 47kHz with lateral and axial resolutions of 12µm and 

8µm respectively. 

 

11.2.2 Animal Model 

 

Chronic cocaine treated rats were anesthetized and ventilated with 2% isoflurane 

mixed with 100% oxygen through the surgical procedures.  A ~φ7mm cranial window 

was created on the frontal cortex. After the dura was carefully removed, the exposed 

brain was covered with 2% cerebrospinal fluid based agrose gel and then affixed with a 

100µm-thick glass coverslip using biocompatible glue. A bolus of cocaine (1mg/kg, i.v.) 

was administrated through the femoral vein followed by 0.5cc saline to induce cocaine 

challenge. During the experiment, the physiology of the animal, including 

electrocardiography (ECG), mean arterial blood pressure (MABP), respiration rate and 

body temperature, was continuously monitored (SA Instruments, Stony Brook, NY, 

USA). Moreover, the blood gases were measured (ABL 700, Radiometer Medical) to 

make sure the animal remained under normal physiological condition.  For chronic 

treated mice, no ventilation was applied. The cranial window size was also reduced to 

~φ5mm, and the dura of the brain was kept intact through the whole experiment. All of 
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the animal procedures were approved by the Institutional Animal Care and Use 

Committee of Stony Brook University. 

 

11.2.3 Intralipid as a Contrast Agent 

 

Intralipid is a fat emulsion of soy bean oil, egg phospholipids and glycerin, and 

was approved by FDA in 1972 for intravenous administration as a source of energy and 

nutrition. Because of its high similarity in backscattering property compared with 

biological tissue, intralipid has been widely used as a phantom to mimic tissue for 

biomedical optical imaging studies. Here, for the first time, we discovered that intralipid 

can be applied as a contrast agent to substantially improve the performance of capillary 

blood flow imaging in vivo. Compared with other contrast agents, intralipid is safe, low 

cost and highly efficient. Prior to the ODT data acquisition, 20% intralipid (e.g., 0.15ml) 

was quickly injected into the blood stream intravenously through a 30 gauge tail vein 

needle catheter.  

 

11.2.4 Scanning Protocol 

 

To decode the vascular information at different sensitivity levels, several different 

scanning protocols were applied during the ODT data acquisition. First, the vasculature 

of the rodent brain was delineated in 3D through angiographic imaging, in which four 

repeated B-scans were performed at the same lateral location. The minute speckle 
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contrast change derived from the intensity images represents the moving particles inside 

the vessels. Then a raster scan was applied across the imaging FOV to achieve 3D 

imaging of the brain vasculature. The total imaging time for a 5×5×3mm
3
 3D volume is 

less 30s. The angiographic scans were performed at the baseline before the cocaine 

challenge, 2minutes after cocaine challenge and 30 minutes after cocaine challenge. 

These volumetric datasets therefore record the dynamic vasculature responses to cocaine 

challenge at several critical time points. Under time sharing mechanism, quantitative 3D 

Doppler flow velocity map was also recorded simultaneously. As a quantitative imaging 

method, ODT imaging provides cerebral blood flow rate responses to the cocaine 

challenge at a higher sensitivity. In order to record the dynamic cocaine responses at a 

higher temporal resolution (e.g., <10s), a BM mode scanning was performed through the 

whole experiment for ~45 minutes at 1f/s. During the BM mode scanning, a line of 

interest was selected to intersect different sizes of arterials and veins. Continuous B mode 

scans were then performed on this line of interest. The data recorded were all streamlined 

to the solid state hard drive on the workstation computer via Camera link interface, 

waiting for further advanced signal processing. 

 

11.3 Results 

 

11.3.1 Imaging Results of Enhanced 3D ODT 
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Fig. 11.2 Results of CBF imaging from enhanced 3D ODT system. 

 

Fig. 11.2 shows the CBF imaging results of a chronic cocaine treated rat from our 

enhanced 3D ODT system. Fig. 11.2 a) shows the MIP angiographic image of the rat 

brain. Since angiographic imaging is sensitive to motions in any direction, arterioles and 

venules that are smaller than 30µm can still be visualized as continuous vessels. 

Angiographic image provides excellent vasculature information at high sensitivity. Fig. 

11. 2 b) shows the 3D angiographic image of the same FOV. As a 3D imaging modality, 

OCA provides accurate spatial location information of the vessels, which is critical for 

Doppler angle correction, vein and artery separation as well as 3D visualization. Not only 

the vasculature information, but also the quantitative blood flow velocities can be 

retrieved through our enhanced ODT system. Fig. 11.2 c) shows the corresponding ODT 
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flow velocity map recorded simultaneously. The flow velocity was color coded, in which 

brighter means faster flow velocity, while dimmer means slower flow velocity. 

Compared with Fig. 11.2 a), even though the vascular turnouts seem to be lower, Fig. 

11.2 c) provides a live “traffic map” of the rodent brain, which can be more critical for 

functional studies.  Since Doppler effect is sensitive to the directions of the moving target 

(e.g., approaching, blue shift; far away, red shift), therefore, we can reconstruct a 3D 

Doppler directional map based on the ODT data set. Combining Fig. 11.2 b) and Fig. 

11.2 d), as explained in Chapter 8, veins and arteries can be differentiated.  

 

11.3.2 Flow Contrast Enhancement by Intralipid 

 

Fig. 11. 3 shows the comparison of contrast enhancement by saline and the same 

amount of intralipid. The upper panel shows the angiographic images at baseline, after 

0.15ml saline injection and after 0.15ml 20% intralipid injection. After saline injection, 

the contrast of the flow signal doesn’t change. However, after intralipid administration, 

the whole field, in particular, the capillary bed lighted up, which indicated an increase of 

the flow contrast.  
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Fig. 11.3 Comparison of contrast enhancement by saline and the same amount of intralipid. 

 

The bottom panel shows the corresponding Doppler flow images at baseline, after 

saline injection and after intralipid administration.  Similar as angiographic images, the 

flow contrast didn’t change after saline injection. However, after intralipid 

administration, the Doppler flow signals increased substantially. To quantify the accurate 

contrast enhancement by intralipid, statistical analysis was performed by randomly 

selecting vessels from the FOV, and the quantitative results are shown in Fig. 11. 4. At 

baseline, the average flow velocity was 90.7±30.9µm/s. After saline injection, the 

average flow velocity was 92.3±33.9µm/s, which remains similar as the baseline flow 
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velocity. However, after same amount intralipid injection, the average blood flow 

velocity increased to 299.5±36.7µm/s, which is about three times as the baseline flow 

velocity. Student’s t-test reveals that this increase is statistically significant (p<0.001), 

and confirms the contrast enhancement in Fig. 11. 3. 

 

Fig. 11.4 Quantitative intralipid effect on CBF velocity and statistical analysis 

 

11.3.3 Cocaine Self-Administration Rat 

 

Fig. 11.5 shows the results of CBF responses to cocaine challenge of control, 

short access (SA) and long access (LA) rats. Fig. 11.5 a) shows the dynamic response 

from a control rat. The response profile can be divided into three phases. Phase I, the 

CBF velocity decreased immediately after cocaine administration, and the amplitude was 

about 20% less than the baseline. Phase II, CBF velocity quickly recovered to the 

baseline level within 5 minutes. Phase III, CBF overshot to about 40% higher than the 

baseline and lasted until 30 minutes after cocaine administration. Unlike control rat, the 



 196 

cocaine treated LA rat exhibited quite different response pattern, which is shown in Fig. 

11.5 c). Phase I, the CBF velocity also decreased quickly, however, to a lower level 

which is about 60% of the baseline flow velocity. Unlike Phase II in the control rat, the 

CBF velocity remained a lower level (e.g., 60% of baseline) for ~20 minutes. Then, 

during Phase III, the CBF gradually recovered and increased to a level about 15% higher 

than baseline. Fig. 11.5 b) shows the response pattern of a SA rat, which appears to be a 

transition pattern from control rat to LA rat. During phase I, the CBF velocity decreased 

to a level of ~80% of baseline, which is very similar as a control rat. Phase II, the CBF 

recovered quickly to the baseline lever. Phase III, the CBF velocity remained at a level 

close to baseline for more than 30 minutes, and no overshot was observed.  

 

Fig. 11.5 CBF responses to cocaine challenge of control , short access (SA) and long access 

(LA) rats. 

 

11.3.4 Congenital Learned Helplessness (cLH) Rat 

 

Fig. 11. 6 shows the results of CBF responses to i.v. cocaine challenge of SD 

saline treated rat, SD cocaine treated rat, cLH saline treated rat, cLH cocaine treated rat at 

somatosensory cortex and cLH cocaine treated rat at frontal cortex. cLH is a rodent 
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depression model developed by scientists at Brookhaven National Lab. In this study, SD 

rats were chosen as the control group for cLH model, and saline treatment was performed 

as the control for cocaine effect investigation. As shown in Fig. 11.6, the blue curve 

represents the CBF response to i.v. cocaine challenge of SD rats with saline treatment. 

The CBF velocity decreased immediately after the cocaine injection, then quickly 

recovered to the baseline level within five minutes, and eventually overshot, which is 

similar as the CBF response of control rat in Fig. 11.5. The red curve shows the CBF 

response of SD rats with cocaine treatment. After cocaine injection, the CBF velocity 

decreased quickly. However, different from the saline treated rat, the CBF velocity never 

came back and remained lower than the baseline level until 30 minutes after cocaine 

injection. The black curve shows the CBF response of cLH rat with saline treatment. 

Compared with the SD saline treated rat, the amplitude of CBF response is slightly lower 

and delayed. The pink curve shows the result of cLH rat with cocaine treatment. Within 

10 minutes after cocaine injection, the CBF response is similar as the red curve (SD rat 

with cocaine treatment). However, 15 minutes after cocaine injection, the CBF of cLH rat 

gradually recovered to the baseline level. The green curve shows the result of frontal 

CBF response of cLH rat with cocaine treatment, which shows different pattern as the 

CBF response in the somatosensory area. 
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Fig. 11.6 CBF responses to cocaine challenge of SD saline treated rat, SD cocaine treated 

rat, cLH saline treated rat, cLH cocaine treated rat at somatosensory and cLH cocaine 

treated rat at frontal cortex. 

 

11.3.5 Vascular Density of Cocaine Treatment Mice 

 

Studies have shown that Dopamine receptors are linked to the genes which are 

responsible for controlling the vascular growth. In order to investigate the vascular 

density difference between control mouse and chronic cocaine treated mouse, OCA and 

ODT scans were performed on the mouse brain, and the typical results are shown in Fig. 

11.7.  The upper panel shows the OCA results of control mouse (left) and cocaine treated 

mouse (right). Since OCA image represents the vasculature information. A direct 

visualization reveals that the vascular density of cocaine treated mouse brain is higher 

than that of the control one. The bottom panel shows the corresponding ODT results, in 
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which the blood flow velocity was color coded with the same color bar. Since flow 

velocity in capillary fluctuates substantially, if we compare the flow velocities within the 

large branch vessels, on average, the CBF velocity of control mouse is higher than that of 

the cocaine treated mouse. However, these observations are all qualitative.  

 

Fig. 11.7 Typical OCA (top panel) and ODT (bottom panel) images of control mouse (left 

panel) and chronic cocaine treated mouse (right mouse). 

 

Fig. 11.8 shows the results of quantitative evaluation of vascular density of 

control and chronic cocaine treated rat. The image processing procedures can be 
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described as below. The OCA image was first converted to gray scale image, and then 

image registration was performed to align the central vein parallel with the short edge of 

the image. A ROI was then selected to extract the vessel areas which are at the same 

location relative to the whole brain. Once the ROI images were extracted, image 

segmentation was performed based on threshold to identify the vascular areas. In the end, 

the ratio of the vascular area compared with the whole ROI was calculated as the vascular 

density parameter. In this group of images, the vascular density of the cocaine naïve rat is 

53%, while the vascular density of the cocaine treated rat is 60%, which is about 13% 

higher. 

 

Fig. 11.8 Quantitative evaluation of vascular density difference between control rat and 

chronic cocaine treated rat. 

 

11.4 Discussions 

 

Investigations into the rewarding system of the brain play a crucial rule in 

understanding the mechanisms of various neurological and psychiatric diseases. With the 

high spatial and temporal resolutions, optical Doppler tomography (ODT) provides an 

excellent platform for preclinical studies and potential clinical applications in the future. 
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Recently, in our group, we have developed an ultrahigh resolution optical Doppler 

tomography system to enable quantitative cerebral blood flow imaging in vivo at 

capillary level. The performance of the system was validated with an acute cocaine 

challenge model. In this chapter, an enhanced ODT system with improved scanning 

protocol and high performance contrast agent was presented, and the chronic cocaine 

effect was studied and compared with the control group. 

A unique feature of the chronic cocaine treated rat is the long lasting CBF 

decrease after cocaine challenge. For instance, in the cocaine self-administration group, 

for the LA rats, after cocaine challenge, the CBF decrease lasted more than 20 minutes. 

While for the control rats, this is usually less than 5 minutes. This feature is likely due to 

the lack of elasticity of the blood vessels, which was induced by the long time high dose 

cocaine stimulation. The same effect was also observed in another group of chronic 

cocaine study by using a cLH rat model.  

Another chronic cocaine effect discovered in this study is that the vascular density 

is correlated with the cocaine administration. Fig. 11.7 and Fig. 11.8 showed the 

qualitative and quantitative results of the vascular densities of control and cocaine treated 

groups. After chronic cocaine treatment, the vascular density increased. Together with the 

phenomenon observed in Fig. 11.5 and Fig. 11.6, this increase of the vasculature could 

likely be a way to compensate the decrease of the CBF velocity. The lower panel of Fig. 

11.7 shows the quantitative CBF velocity maps of a typical control and a chronic cocaine 

treated mice, which also confirms similar result. 
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During the cocaine study, when we analyzed the CBF response data, we observed 

a low frequency fluctuation
119

 of the CBF at ~0.12Hz.  Fig. 11.9 shows the results of an 

artery and a vein. Fig. 11.9 a) shows the 3D ODT map, and Fig. 11.9 b) shows the 

corresponding vein-artery separation results. One vein and one artery were selected, and 

their M-mode CBF profiles were shown in Fig. 11.9 c). Even with pure visual 

examination, this slow fluctuation of the CBF can be well observed. A short time Fourier 

transform analysis was performed and the result was shown at the bottom of Fig. 11.9 c). 

The peak frequency was clearly identified to be ~0.12 Hz and did not change over a long 

period of time. The underlying mechanism of this low frequency fluctuation is still under 

investigation. However, this slow fluctuation of CBF was also documented by fMRI 

researcher before, and likely could reflect some of the functional activities of the brain. 

 

Fig. 11.9 Low frequency fluctuation of the CBF in veins and arteries.  

 

11.4 Conclusions 

 

In conclusion, we have improved the performance of ODT system with optimized 

system design, newly developed scanning protocol and high performance contrast agent. 
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With the enhanced performance, the chronic cocaine effect on CBF response was 

investigated with cocaine self-administration rat model, cLH rat model and chronic 

cocaine treated mouse model. It was found that the CBF decrease after cocaine challenge 

is lasting longer for the chronic cocaine treated animals than the control group. Also, the 

vascular density in the cocaine treated group was higher than that of the control group. In 

the future, further statistical analyses will need to be performed. 
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Chapter 12 Conclusions and Future Work 

 

Optical coherence tomography (OCT) is a noninvasive imaging technique with 

high resolution (e.g., 1~10µm) at intermediate depth. Since it was first introduced in the 

1990s, OCT has evolved several generations from time-domain, spectral-domain to 

swept-source. At the same time, the performance, such as resolution, imaging speed, 

sensitivity roll-off, has been improved dramatically, which further enhances the clinical 

adoption of OCT. The first commercial OCT system was delivered by Carl Zeiss in 1996. 

Since then, OCT market has expanded quickly. However, due to the physical limitation 

of the light, intermediate penetration depth inside biological tissue has been a barrier to 

limit OCT clinical adoption mainly in the ophthalmology.  

Endoscopic imaging via fiber-optic technique provides OCT the capability to 

image the internal organ directly in vivo. In this dissertation, cystoscopic OCT (COCT) 

technique was designed, developed and validated based on a bladder cancer model. In 

Chapter 3, a MEMS mirror based front-view rigid OCT endoscope was designed, 

optimized and developed. The unique touch-and-see feature enables user friendly OCT 

examinations. With more than 220 clinical cases performed in the operating room, 

MEMS mirror based COCT was demonstrated to provide a sensitivity of 92.4% and 

specificity of 85.2% for clinical bladder cancer diagnosis. To further enable early stage 
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bladder cancer diagnosis in the outpatient, in Chapter 4, we described a newly designed 

hybrid flexible cystoscopic OCT (FCOCT) probe for side-view imaging. The miniature 

size (i.e., 2mm) enables smooth integration of the probe into the commercial cystoscope 

used in the outpatient examination. Since the probe is flexible, for those lesions located 

close to the bladder neck, full access can be achieved through articulating the tip of the 

cystoscope, which was impossible for the MEMS mirror based rigid one. Moreover, with 

a field of view of larger than 8mm, FCOCT enables tumor boundary delineation and 

guided tumor resection.  

Traditional OCT imaging diagnoses were based on descriptive and qualitative 

features, which is subjective and labor intensive. In the second part of my dissertation, 

quantitative diagnosis through computer aided image analysis was proposed, developed 

and performed based on a transgenic bladder carcinoma in situ model. Chapter 5 

describes a newly developed 3D OCT based CAD algorithm to enhance the diagnosis of 

bladder carcinoma in situ (CIS) by evaluating the increased urothelial heterogeneity 

induced by carcinogenesis. This new technique promises to be an effective diagnostic 

method of bladder CIS with an estimated 95.7% sensitivity and 92.3% specificity. In 

order to translate our newly developed algorithm into clinical practice, in Chapter 6, we 

designed a comparative study to examine the advantages and potential limitations of 

current noninvasive bladder cancer diagnostic methods including white light cystoscopy 

(WLC), narrow band imaging (NBI), fluorescence cystoscopy (FC) and 3D OCT. The 

results of this study demonstrated the potential of NBI-guided cystoscopic OCT to 

effectively enhance the efficacy and efficiency of current cystoscopic procedure in the 
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diagnosis of CIS. Not only for cancer diagnosis, high resolution 3D OCT inspired another 

novel clinical application, which is to diagnose human fetal membrane diseases by 

detecting the subsurface cysts. In Chapter 7, we reported to our knowledge the first 

human fetal membrane study by using high resolution 3D OCT. 3D image segmentation 

was performed and the quantitative feature data were extracted. The results showed that 

the high resolution and 3D imaging capability of OCT enabled delineation of 

morphological details of human fetal membrane and early detection of microscopic 

chronic pseudocysts. 

Functional imaging has always been a hot topic in the medical imaging field. 

Doppler OCT has been developed to probe blood flow information. However, due to 

limited resolution and sensitivity, only large branch vessels can be detected by 

conventional Doppler OCT. In the third part of my dissertation, an ultrahigh resolution 

optical Doppler tomography (ODT) system was developed and characterized. In Chapter 

8, we first described the design and development of the ultrahigh resolution ODT system 

and the corresponding image processing algorithms. The superior resolution and 

sensitivity enabled quantitative imaging of blood flow at capillary level. This newly 

developed tool was then demonstrated to be a unique approach in the investigation of 

acute cocaine challenge in the rodent brain, and cocaine elicited micro-ischemia was 

observed 45 minutes after the cocaine administration. With this ultrahigh resolution, in 

Chapter 9, we proposed a new approach named particle counting µODT (pc-µODT) to 

accurately measure the instantaneous red blood cell velocity in vivo without contrast dye 

administration. Despite the high sensitivity, Doppler based flow imaging techniques have 
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been shown to provide lower vascular turnouts than angiographic approaches. In Chapter 

10, we investigated the contrast differences between ODT and OCA, and found that the 

high contrast of OCA was partially due to the enhancement from the Brownian motion of 

the red and white blood cells. With this in depth understanding of Doppler technique, in 

Chapter 11, we improved the performance of the ODT system through optimized optical 

design, newly developed contrast agent and scanning protocol, and preliminary 

investigation into the chronic cocaine effect on the rodent brain was performed. 

To further optimize the performance of quantitative structural and functional 

imaging in vivo, future developments include: 

1. Design and development of a miniature 3D imaging COCT probe. As we 

demonstrated in Chapter 5, due to one more dimensional correlation, 3D 

imaging provides more information and better contrast than 2D imaging. For 

clinical diagnosis, large field of view also helps reduce sampling errors and 

shorten the examination time. Currently, the COCT probes developed are 

mainly 2D imaging ones. For instance, the FCOCT described in Chapter 4 

achieved linear scanning based on push-pull mechanism. With the 

implementation of fiber rotary joint, fast circular scans can be combined with 

the current linear scan to enable 3D imaging. However, bladder cavity is filled 

with urine and only the bladder wall is the imaging target, synchronization 

between image acquisition and fiber rotation is critical. 

2. Quantitative diagnosis of human bladder cancer in vivo. Current OCT diagnosis of 

human bladder cancer is based on descriptive and qualitative features, which is 
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labor intensive. In Chapter 5-6, we have demonstrated the efficacy and 

efficiency of quantitative image analysis for bladder cancer diagnosis through 

computer aided detection based on a rodent model. The diagnostic criterion is 

based on the increased heterogeneity of the urothelium induced by the non-

uniform growth and distribution of cancer cells. The threshold used for the 

quantitative diagnosis was derived from a training data set prior to the study. It 

is promising that we can transfer the same technique to the clinical human 

bladder cancer diagnosis. However, unlike the transgenic rodent model, human 

cancer cases are more complicated and the symptoms are more diverse. 

Therefore, the threshold we used for the rodent model has to be updated based 

on the training data set of human bladder images. With the development of 3D 

COCT probe, quantitative and robust diagnosis of human bladder cancer at 

real time in vivo will be desired. 

3. Long term, highly sensitive and automatic measurement of RBC velocity. In 

Chapter 9, for the first time, we showed that pc-µODT technique can be used 

to measure the RBC velocity based on transient phase information without 

contrast dye. Since the phase transient of moving RBC is very fast, high 

sampling rate is required. With limited cameras on the market, in our system, 

the maximum speed of the camera was limited to 27 kHz. Therefore, the frame 

rate was only around 1 kHz. Recently, a higher speed camera with 140 kHz 

from Basler was released. Combined with a resonant galvo scanner, the frame 

rate can be increased to ~5 kHz, and the measurement sensitivity will be 
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improved substantially. Also, with high sampling rate, large data set will be 

generated continuously. With current computer technology, fast data transfer 

between camera and computer memory can be achieved to enable continuous 

data buffer into memory, and therefore, long term monitor can be realized. 

More importantly, automatic RBC recognition, peak detection and other image 

and signal processing techniques can be combined to enable fully automatic 

RBC velocity measurement and analysis. 

4. Endoscopic OCT & µODT for deep brain structural & functional imaging. 

Because of high resolution and high sensitivity, µODT has been demonstrated 

to be a valuable tool for brain functional imaging. In the first part of my 

dissertation, we have shown that endoscopic OCT can overcome the 

penetration barrier of the light to enable internal organ imaging. Specifically, 

for brain tissue, needle like GRIN relay lens can be employed as a miniature 

endoscope for deep brain structural and functional imaging. Since broadband 

light source is applied in OCT/µODT, aberrations (e.g., spherical, chromatic) 

and dispersion has to be minimized or compensated. 

5. Multimodality brain functional imaging with µODT, MPM and NIRS. For brain 

functional imaging, the utility of µODT, MPM and NIRS have been verified 

through various studies. However, different imaging modalities have different 

advantages and limitations. For instance, µODT enables label free high 

resolution blood flow imaging at large field of view, while only vascular 

information can be obtained. With the sub-micro resolution, MPM can be used 
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for single capillary as well as fluorescence imaging, the penetration depth is 

low and field of view is small. NIRS is a unique tool for high resolution large 

field of view hemoglobin concentration measurement to probe the metabolic 

level. By combining these three imaging modalities, high resolution, large field 

of view vascular, neuronal and metabolic information of the brain can be 

obtained simultaneously to accurately represent the brain functional activity. 

6. Automatic full field vein and artery separation. For the first time, we showed that 

ODT technique can be used for vein and artery separation by combining 

Doppler effect with vascular 3D information. The 3D Doppler information can 

be obtained automatically from the 3D ODT data set. However, for automatic 

vein and artery separation, the vascular 3D layout information is still missing. 

Therefore, it is desired to develop a 3D image processing algorithm to retrieve 

the vascular 3D layout information. With both the Doppler signals and the 3D 

vascular data, automatic full field vein and artery separation can be achieved. 
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