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ABSTRACT 
  

 The technology and applications of optical coherence tomography (OCT) have been 

developed rapidly for structural and functional investigations of biological tissues. The use of 

light yields outstanding resolution and simultaneous measurements from a range of targeted 

locations without physical contact with tissue. The objective of this thesis was to investigate the 

feasibility of utilizing polarization-maintaining-fiber (PMF) based OCT to image the 

microstructure and functional (neural activity) of pike olfactory nerve. 

 A dual-wavelength polarization-sensitive spectral-domain OCT system has been designed 

and constructed in house for depth-resolved optical recordings.  The olfactory nerves dissected 

from pike were used with or without voltage-sensitive dye staining.  M-mode and cross-sectional 

imaging have been performed to capture transient changes during neural activity. 

 The OCT signals including optical path length variation of the nerve with respect to a 

reference surface (∆𝑃), intensity change	(∆𝐼), and normalized intensity change (∆'
'
) were 

assessed for potential indications of neural activity.  The results demonstrate that dynamic phase 

and intensity changes were detected during the compound action potential propagation, which is 

also recorded together with the OCT data.  Software methods such as detrending and bulk motion 

correction were implemented to stabilize the ∆𝑃 response as well as the intensity response.  The 

transient ∆𝑃 response and backscattered light intensity were detected by OCT imaging with 

depth-localization and were consistent and highly correlated to transient neural activity. 

Monitoring the function during fast and continues cross-sectional imaging revealed ∆𝑃 response 

during action potential propagation, but not before and during the propagation.  Thus, the results 

clearly demonstrated that the PMF OCT system and the signal processing pipeline are capable of 

acquiring and constructing 2-D cross-sectional images of dynamic neural activity. 
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CHAPTER 1 INTRODUCTION 

1.1 Motivation 

Neurological disorders have been a major concern in healthcare and an active area of 

research in multiple disciplines.  Despite the existent medication targeting different neural 

diseases, early detection is a crucial step for treatment.  Efficient and accurate diagnosis is 

important as neuronal cells in most cases cannot be replenished.  There is no non-invasive device 

available that can measure individual action potentials in clinics up to date.  As such, research on 

neural functionality and development of real-time monitoring techniques are valuable for 

detecting neurophysiological changes at an early stage and for assessing the outcomes of therapy 

and drugs. 

 One of the most reported methods to monitor neural activity is the use of invasive 

electrodes, which can induce permanent damage to the nerve.  Optical detection of neural 

activity, reported widely in recent years, is an alternative that is non-contact or non-invasive.  Not 

only optical imaging does not induce severe damage to the nerve, recent advances in depth-

resolved optical detection of neural activity can provide more information spatially.  Optical 

coherence tomography (OCT) is an interferometric imaging technique that provides images of 

biological tissues with micrometer axial resolution.  Among various implementation techniques, 

spectral-domain optical coherence tomography (SD-OCT) provides attractive features including 

faster acquisition, finer sensitivity and improved stability.  In addition, it provides simultaneous 

measurement of intensity and phase information along a single depth profile (A-line) without a 

physical scan.  In order to detect nerve functionality, polarization-maintaining-fiber (PMF) based 

SD-OCT has been used.  As reported previously, SD-OCT is capable of measuring changes in 

backscattered light intensity and displacement associated with the neural activity.  As such, 
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optical detection of small functional changes is attractive to a broad spectrum of biological 

imaging and sensing applications. 

In order to understand the neural activity and its effect, both structural and functional 

information, combined with the physiological knowledge, are important.  Regarding neural 

activity related changes, optical imaging techniques have been widely reported in studies of 

vasculature and hemodynamics.  Isolated nerve preparations during action potential propagation 

are commonly used to measure and demonstrate intrinsic optical signals and transient structural 

changes.  In this thesis, the OCT technology has been utilized to detect neural activity with high 

spatiotemporal resolution at multiple sites simultaneously at different depths in pike olfactory 

nerve that is densely populated with small unmyelinated axons. 

Throughout the recent years, attempts have been conducted to extend functional OCT 

application from a single point to a full depth-profile (A-line) and to a cross-sectionformed by 

combining multiple depth profiles.  The integration of dual-wavelength OCT system and the use 

on nerves unstained or stained with voltage-sensitive dye were investigated.  OCT experiments on 

pike olfactory nerves were conducted at the University of Minnesota. 

1.2 Scope of the Thesis 
	

The objective of this thesis was to investigate the feasibility of utilizing PMF-based OCT 

functional imaging to monitor the activity of pike olfactory nerve using different optical contrasts.  

The scope was to analyze two existing datasets of OCT images on the olfactory nerves dissected 

from freshly sacrificed northern pikes.  One dataset was obtained using the dual-wavelength OCT 

system.  The second dataset was acquired with the faster and higher resolution OCT system only 

for cross-sectional (2D) imaging of transient changes during neural activity. 

Chapters 2 and 3 present the fundamentals and development of the OCT set-up.  The 

dual-wavelength PMF-based SD-OCT system was described.  Chapter 4 describes the signal 
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processing pipeline that was subsequently devised and the M-mode imaging from nerve was 

analyzed.  In Chapter 5, the PMF OCT system used to obtain cross-sectional images was studied.  

Signal processing pipeline was subsequently devised and the images obtained were analyzed.  

Chapter 6 presents the summary of the thesis and suggestions for future studies. 
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CHAPTER 2 OPTICAL COHERENCE TOMOGRAPHY 
	

Optical coherence tomography (OCT) is a non-invasive medical imaging technique 

capable of acquiring high resolution and cross-sectional images for a wide range of applications 

including dermatology, ophthalmology, cardiology and developmental biology.  It utilities low-

coherence light to capture three-dimensional (3-D) images of micrometer-axial-resolution and a 

few millimeters in depth from optical scattering media such as biological tissue.  The recent 

implementation of frequency-domain OCT from scanning interferometry (time-domain) provides 

faster signal acquisition for biomedical application.  Polarization-sensitive OCT, functional OCT 

and wavelength-dependent OCT are the extensions of OCT which offer unprecedented 

perspectives.  The further development of OCT systems would facilitate a board spectrum of 

research and clinical application.	

At the onset, the five fundamental quantities crucial for evaluation and design of 3-D 

optical setup as well as interpretation of subsequent images were identified and studied. They are 

resolution (both lateral and axial), depth of field (DoF), signal to noise ratio (SNR), sensitivity, 

and phase noise. The mathematical equations and descriptions of these are given in this chapter.  

Interferometry refers to techniques in which waves, usually electromagnetic, are 

superposed to extract information about the waves such as amplitude and phase.  OCT is similar 

to ultrasonography except that it uses light which is a transverse wave instead of ultrasound 

which is a longitudinal wave.  In terms of imaging depth and spatial resolution, OCT bridges the 

gap between confocal microscopy and ultrasonography.  The advantages of OCT, as compared to 

other imaging techniques, include high resolution capability, non-invasive nature, radiation free, 

fast acquisition speed, fiber-optics delivery and the potential of performing additional contrast 

[1].  Fiber-based OCT systems allow the implementation of catheter and endoscope for clinical 
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application.  In this Chapter, basic concepts of OCT are reviewed. Signal properties and 

characteristics are presented as well as the extensions of OCT.  
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2.1 Origin of OCT and Light Source 

Optical coherence tomography was first introduced by Fujimoto’s group in 1991 [2].  It 

was originally based on white-light interferometry which led to the advances of optical-

coherence-domain reflectometry [3, 4].  Image contrast is developed by optical scattering when 

the sample is illuminated with low-coherence light.  Scattering and absorption properties of the 

tissue affect the light penetration.  If the sample is birefringent, polarization states of propagation 

becomes a factor. 

 Since scattering generally decreases with an increase in wavelength ranged from 600 𝑛𝑚 

to 1400	𝑛𝑚	[5], and optical properties of tissue vary with wavelength [6], these two findings 

should be considered in the optimization of light source in terms of wavelength band.  840	𝑛𝑚, 

1060	𝑛𝑚 and 1310	𝑛𝑚 of near infrared (NIR) light are commonly used wavelengths in OCT 

systems.  Light source of long wavelength such as 1310	𝑛𝑚 has been used for imaging highly 

scattering tissues to improve imaging depth.  However, this practice is limited by the increased 

light absorption of water [6]. 

2.2 OCT Characteristic 

The resolution, depth of field (DoF), signal to noise ratio (SNR), sensitivity and phase 

noise are presented in this section for evaluating the quality of an OCT system and its subsequent 

images.	

2.2.1 Axial and Lateral Resolution 

The axial resolution ∆𝑧	of OCT is governed by equation (2.1) below.  

∆𝑧	~	
2𝑙𝑛2
𝑛𝜋

𝜆<
=

∆𝜆
≈ 	
0.44
𝑛

	
𝜆<

=

∆𝜆
 

 
(2.1) 

where	𝑛	is the refractive index of medium.  𝜆< and 	∆𝜆 are the central wavelength and full-width-

at-half-maximum (FWHM) band of light source with Gaussian spectral distribution.   
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 The lateral resolution	∆𝑥 of the cross-sectional image, which is typically generated by 

scanning the beam over the sample laterally, is governed by equation (2.2) as follows. 

∆𝑥 = 	
4𝜆<
𝜋

𝑓
𝑑

 
 
(2.2) 

where 𝑑 is the spot size on the focusing lens and f is its focal length. 

 The overall resolution of an OCT system is determined by the axial and lateral 

resolutions.  It is evident from equation (2.1) that a broader band light source is required in order 

to achieve a finer axial resolution.  From equation (2.2), finer lateral resolution can be obtained 

by utilizing a higher numerical aperture lens.  However, it is important to note that the finer the 

lateral resolution, the lower the depth of field that can be imaged. 

2.2.2 Depth of Field 

	 The relationship between lateral resolution and depth of field/focus (DoF) or confocal 

parameter 𝑏 is governed by the following equation. 

𝐷𝑜𝐹 = 𝑏 = 2	𝑍I = 	
𝜋	∆𝑥=

2	𝜆<
 

 
(2.3) 

where 𝑍I is the Rayleigh range.  ∆𝑥 and 𝜆< are the lateral resolution and central wavelength, 

respectively.  As such, the axial image is limited by the Rayleigh range of the sample beam 

and/or light attenuation in tissue.  The lateral resolution is proportional to the square root of the 

product of Rayleigh range and central wavelength. 

 Substituting equation (2.2) into (2.3) yields equation (2.4) as follows. 

																																																					𝐷𝑜𝐹 =
8	𝜆<
𝜋

	
𝑓=

𝑑=
	 																																																			(2.4) 

It should be noted from equation (2.4) that DoF is fundamentally affected by the focal length, 

spot size and the central wavelength of light source. Since lateral resolution described in equation 
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(2.2) is governed by the same fundamental specifications of the optical setup, DoF can be written 

in terms of lateral resolution. Equation (2.3) is useful for optimization between DoF and lateral 

resolution. The use of high NA lenses such as in confocal or optical coherence microscopy 

improves the lateral resolution and can reduce DoF significantly. It should be mentioned that the 

axial and lateral resolutions of the OCT systems are not dependent on each other.  

DoF can be improved or extended by acquiring multiple images with different focusing 

zones and merging the images together in software.  If the images are taken consecutively instead 

of simultaneously, the time difference or delay between images should be noted.  Spherical optics 

can also be used to extend the DOF [7].  

Optical coherence microscopy (OCM) is defined when the depth of field is shorter than 

the coherence length, i.e., 𝑏 < 𝑙K, where 𝑙K denotes coherence length. 

2.2.3 Signal to Noise Ratio  

	 The signal-to-noise ratio (SNR) of an image is often considered as the key parameter to 

describe the quality of an image.   SNR is defined as the ratio of signal power to noise power.  

The three major noise sources in an OCT system are the detector noise (also known as readout 

noise) 𝜎MNO=, relative intensity noise 𝜎I'P=, and the shot noise 𝜎QRSO=.  The relationship between 

SNR and theses three noise sources is governed by equation (2.5) below [8].  

𝑆𝑁𝑅 = 	
𝑃WXYZ[\
𝑃PSXQN

= 	
𝑃WXYZ[\

𝜎MNO= + 𝜎I'P= + 𝜎QRSO=
 

 
(2.5) 

where 𝑃WXYZ[\ is the power of the signal (meaningful information).  In a shot-noise limited 

system, the SNR equation can be modified as follows. 

𝑆𝑁𝑅 = 	
𝜂	𝑃WXYZ[\

2	ℎ𝑣	(𝑁𝐸𝐵)
 

 
(2.6) 
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where 𝜂 is the detector quantum efficiency.  ℎ𝑣 is the photon energy and 𝑁𝐸𝐵 is the noise-

equivalent-bandwidth of the detection.  It can be seen from equations (2.5) and (2.6) that the 

effect of detector noise and relative intensity noise in a shot-noise limited OCT system is 

minimal.  𝑃WXYZ[\ can be amplified by increasing the optical power onto the sample and/or 

increasing the integration time of the detector in order to achieve a higher SNR.  However, optical 

power is limited by the safety standards for optical imaging as well as the efficiency of the light 

source. 

2.2.4 Sensitivity 

	 The quality of an OCT system is usually stated in terms of sensitivity, which is the 

minimum reflected signal that can be detected over the noise floor (i.e. 𝑆𝑁𝑅~1) [11].  Typically, 

the sensitivity of an OCT system is above 90 dB [9, 10].  The swept source or Fourier domain 

OCT has been proven to demonstrate more superior sensitivity than the time domain OCT [12].  

Finer sensitivity can also be achieved by using optical heterodyne detection.  The increase of 

backscattered electric field from the sample and reference arm results in heterodyne gain for weak 

signals from the sample. 

2.2.5 Phase Noise 

	 Environmental perturbations, such as mechanical and terminal vibrations, will affect the 

optical path length.  The phase values of a depth profile OCT scan are noisy because of this 

optical path length variation.  The phase noise is a factor of intensity SNR, and the phase 

sensitivity can be characterized by the variance of the phase SNR [13, 14].  The relationship 

between the variance of the phase noise < 𝜎c= > and the SNR of the intensity is governed by 

equation (2.7) as follows. 

< 𝜎c= >≈ 	
1

2(𝑆𝑁𝑅)
  

(2.7) 
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Perhaps it should be mentioned that phase noise caused by perturbations of unique and 

consistent characteristics different to the signal characteristics can be filtered or compensated.  

Therefore, identification of the noise and signal characteristics is required in the hardware and/or 

software design of filters and compensators. 

2.3 Principles of Optical Coherence Tomography 

OCT systems are typically classified into time-domain and Fourier-domain, which are 

described in Sections 2.3.1 and 2.3.2, respectively.  

2.3.1 Time-Domain OCT (TD-OCT) 

	

Figure 2.1 Common TD-OCT system 

 A typical TD-OCT system is shown in Figure 2.1.  Light emitted from the broadband 

source specified by its center wavelength and bandwidth is split into two parts, 𝐸eNf and	𝐸Q[gh\N, 

by the beam splitter.  These 𝐸eNf	and 	𝐸Q[gh\N lights travel to the reference reflector and the 

sample, respectively, and reflected. The reflected lights from the reference arm and the sample 

are superposed with each other resulting in the interfered light. This interfered light travels to the 
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detection arm and measured.  The detection of light waves from the interferometer is calculated 

as follows. 

𝐼M 	= 	 |𝐸eNf + 𝐸Q[gh\N|= 	

= 	
1
2
𝐼eNf + 𝐼Q[gh\N + 𝐼eNf𝐼Q[gh\Nℜ𝑒{ 𝐸eNf∗(𝑡 + 𝜏)𝐸Q[gh\N(𝑡) } 

 
(2.8) 

where 𝐼eNf and	𝐼Q[gh\N are the intensities of the time-averaged electric fields returning from the 

reference and sample arms, respectively. ℜ𝑒 represents the real part of a complex function.  The 

cross-correlation term in equation (2.8) is the real part of the mutual coherence function of the 

interference with 𝜏	optical time delay. 

ℜ𝑒 𝐸eNf∗ 𝑡 + 𝜏 𝐸Q[gh\N 𝑡 = 	 𝐺(𝜏) 𝑐𝑜𝑠
2𝜋𝑐
𝜆<

𝜏 + 𝜑(𝜏)  
 
(2.9) 

where 𝐺(𝜏)  is the magnitude of the complex temporal coherence function modulated by fringes 

of frequency, and 𝜑(𝜏) is the phase angle resulted from the path length difference between the 

reference and sample paths.  It can be seen from equations (2.8) and (2.9) that the temporal 

coherence function is weighed by the square root of the product of the time-averaged intensities 

reflected from the reference arm (𝐼eNf) and sample arm	(𝐼Q[gh\N).  The relationship between the 

magnitude of the complex temporal coherence function 𝐺(𝜏)  and the power spectral density of 

the source 𝑆(𝑣) is explained by Wiener-Khinchin theorem, and is governed by equation (2.10) 

below. 

	 𝐺(𝜏) = 	 𝑆(𝑣)𝑒u=Xvw𝑑𝑣
x

<
 

 
(2.10) 

 In a TD-OCT system, depth information is acquired by translating the reference arm, and 

the axial resolution (∆𝑧) is governed by the coherence length of the light source shown in 

equation (2.1).  The acquisition of depth profiles (A-lines) by TD-OCT is slow due to the 
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requirement of adjusting the reference arm mechanically.  With the advancement in light source 

and detector, Fourier-domain OCT (FD-OCT) was developed for improving the scanning speed. 

2.3.2 Spectral-Domain OCT (SD-OCT) 

	 In Fourier-domain OCT (FD-OCT), also known as spectral-domain OCT (SD-OCT) or 

frequency-domain OCT (FD-OCT), broadband interference is acquired with spectrally separated 

detectors.  According to Wiener-Khintchine theorem relating auto correlation and spectral power 

density (equation (2.10)), depth scan can be generated by Fourier-transforming the acquired 

spectra without moving the reference arm.  This characteristic of FD-OCT reduces the scanning 

time dramatically.  The sensitivity and stability of the OCT are enhanced with the stationary 

reference arm [15]. The detection arm in FD-OCT captures the spectrum of the interfered signals 

simultaneously from the reference and sample arms.  Equation (2.11) below illustrates the 

relationship between the wavelength-dependent intensity 𝐼(𝑘) and the intensities reflected from 

the reference arm 𝐼eNf(𝑘) and sample arm 	𝐼Q[gh\N(𝑘) [16]. 

𝐼 𝑘 = 𝐼eNf(𝑘) + 𝐼Q[gh\N(𝑘) + 2 𝐼eNf(𝑘)𝐼Q[gh\N(𝑘) 𝑅Z 𝑧Z cos(𝑘𝑧Z)
Z

 
 
(2.11) 

where k is the wavenumber which is equal to 2𝜋/𝜆 and 𝜆 is the wavelength.  𝑅Z is the reflectivity 

from depth 𝑧Z.  Spectral interference of the lights from the reference and sample arms exhibits a 

spectral modulation as a function of wavenumber.  The depth profile (A-line) is calculated by an 

inverse Fourier transform described in equation (2.12) as follows [16]. 

𝔉u~ 𝐼(𝑘) = = 	 Γ=(𝑧)

⊗ 𝛿 0 + 𝛼Z=𝛿(𝑧 − 𝑧Z)
Z

+ 𝛼Z=𝛿(𝑧 + 𝑧Z)
Z

+ 𝑂[
𝐼Q[gh\N=

𝐼eNf=
]  

 
(2.12) 

where 𝔉u~ 𝐼(𝑘)  is the inverse Fourier transform of 𝐼(𝑘).  Γ(𝑧) is the envelope of the coherence 

function and 𝛿 0  is the autocorrelation signal.  𝛼Z=𝛿(𝑧 − 𝑧Z)Z  and 𝛼Z=𝛿 𝑧 + 𝑧ZZ  are the 
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mirror images of the interference from the depth 𝑧Z.  𝑂['������
�

'����
] is the autocorrelation noise of 

the interference in the sample arm. 

Swept-source OCT (SS-OCT), also known as time encoded frequency domain OCT 

(TEFD-OCT), sweeps the source spectrum rapidly in the source arm and uses a single detector in 

the detection arm to achieve spectral discrimination. The advantage of SS-OCT is its high SNR 

detection technology due to its small instantaneous bandwidths at very high frequencies (20-200 

kHz).  The drawbacks of SS-OCT are its nonlinearities in the wavelength especially at high 

scanning frequencies, and its high sensitivity to movements of the scanning geometry or the 

sample. 

2.4 Polarization-Sensitive OCT (PS-OCT) 

 Polarization-sensitive OCT (PS-OCT) is a functional extension of OCT which can 

measure reflectivity, retardance, optic axis orientation and form-biattenuation [17].  PS-OCT has 

been widely used in characterizing optical anisotropy properties from biological tissue because of 

its capability of providing additional contrast.  This is crucial for early diagnosis of clinical 

implications as well as better understanding of pathological studies.  The theory of polarization of 

light and birefringence are described below. 

2.4.1 Polarization of Light 

	 Light is a transverse wave which propagates along one direction (denoted by z-axis) 

while retaining traverse electromagnetic field oscillation on the plane perpendicular to the 

direction of propagation (denoted by x-y plane).  In a monochromatic wave, the two orthogonal 

electromagnetic field oscillation components can be represented as follows. 

𝐸� 𝑧, 𝑡 = 𝐸� 	cos	(𝑘𝑧 − 𝑤𝑡)𝑥 (2.13) 

𝐸� 𝑧, 𝑡 = 𝐸� 	cos	(𝑘𝑧 − 𝑤𝑡	 + 	𝜑)𝑦 (2.14) 
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where k is the wavenumber.  𝐸�  and 𝐸�  are the amplitudes of oscillations in  x and y 

directions, respectively, and 𝜑 is the phase difference.  Equation (2.15) shown below represents 

the vector sum of equations (2.13) and (2.4), which is the traverse electromagnetic field 

oscillation on the x-y plane if light is propagating in the z direction. 

𝐸 𝑧, 𝑡 = 𝐸� 𝑧, 𝑡 + 𝐸� 𝑧, 𝑡  (2.15) 

With reference to equations (2.13) and (2.14), if 𝜑 = ±2𝑛𝜋 where n is an integer, then 

the oscillations in the x and y directions are said to be in-phase.  Vector sum of these two in-phase 

orthogonal oscillations results in the traverse oscillation moving back and forth on a straight line 

on the x-y plane.  The slope of the straight line is equal to 𝐸� 	/	 𝐸� .  The half length of the 

straight line represents the traverse oscillation amplitude which is equal to the square root of the 

sum of the squares of the component amplitudes.  The polarization is linear with orientation equal 

to 𝐸� /	 𝐸� . 

If 𝜑 = ± 2𝑛 − 1 𝜋 where n is an integer, the oscillations in the x and y directions are 

said to be out-of-phase.  Vector sum of these two out-of-phase orthogonal oscillations results in 

the traverse oscillation moving back and forth on a straight line on the x-y plane.  The slope of the 

straight line is equal to − 𝐸� 	/	 𝐸� .  The half length of the straight line represents the traverse 

oscillation amplitude which is equal to the square root of the sum of the squares of the component 

amplitudes.  The polarization is linear with orientation equal to − 𝐸� 	/	 𝐸� . 

If 𝜑 = ± v
=
± 2𝑛𝜋 and unequal orthogonal oscillation amplitudes, the transverse 

oscillation moves in an ellipse with major and minor axes lying on the orthogonal axes with half 

lengths equal to the orthogonal oscillation amplitudes.  If the orthogonal oscillation amplitudes 

are equal, it becomes a circle with radius equal to the orthogonal oscillation amplitude.  For phase 

difference other than ±2𝑛𝜋, ± 2𝑛 − 1 𝜋, and	 ± v
=
± 2𝑛𝜋, the transverse oscillation moves in 
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an ellipse with inclined major and minor axes.  Therefore, the polarization states can be straight, 

circular and elliptical depending on the trajectory of the traverse oscillation. 

  The sample and other inhomogeneous media are factors defining the propagation 

direction, polarization state and phase of light.  The high contrast retardance is beneficiated by the 

birefringence nature of the same.  This kind of high contrast image can be captured by a 

polarization-maintaining fiber-based OCT system. 

   

2.4.2 Birefringence  

Birefringence is an optical property of a material in which the refractive index depends 

on the polarization and propagation direction of the light.  These optically anisotropic materials 

are also known as birefringent or birefractive.  Calcite and quartz are well known birefringent 

crystals.  Figure 2.3 demonstrates the double image produced by the birefringent characteristic of 

a calcite crystal. 

 

Figure 2.31 Calcite demonstrating the birefringent characteristic 

1 http://www.newvisiondisplay.com/images/qa/lightchanges2.jpg 

 The relationship between phase retardation 𝛿(𝑧) and propagation distance 𝑧 is shown in 

equation (2.16) as follows. 
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𝛿 𝑧 = 	 =v∆Z
��

𝑧   (2.16) 

where ∆𝑛 is the difference of ordinary refractive index and extraordinary refractive index.  From 

equation (2.16), phase retardation 𝛿(𝑧) accumulates through the birefringent samples linearly.  

Acquiring and analyzing birefringence facilitates the detection of the change of fiber 

organization, hence providing early diagnosis of abnormalities or diseases in tissue. 

2.5 Functional OCT 

	 While the aforementioned typical types of OCT can only provide morphological 

investigations, functional imaging has become the trend in tomography.  The capability of 

functional imaging to capture physiologically related information helps better understanding of 

the process and condition of a certain biological sample, as well as monitoring, diagnosing and 

treating tissue defects.  Comparing to other functional imaging techniques, functional OCT 

provides faster acquisition and finer resolution.  Functional OCT is particularly useful for 

imaging blood flows in skin [18] and neural activities related to action potentials [19, 20, 21]. 
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CHAPTER 3 PMF-BASED SPECTRAL DOMAIN PS-OCT 

	 Polarization-sensitive optical coherence tomography (PS-OCT) provides additional 

contrast in the sample images due to its use of information encoded in the polarization state of the 

recorded interference fringe intensity.  PS-OCT offers fine resolution spatial information on the 

polarization state of light reflected from tissue which is not discernible using existing diagnostic 

optical methods insensitive to polarization.  The capability of PS-OCT to quantitatively measure 

the depth-resolved tissue birefringent properties, originating from the difference of refractive 

indices between polarized light oscillating parallel and perpendicular to the axis of anisotropy, 

enables the extraction of more information from tissue. 

 Dual [22] and single [23] detector setups of free-space PS-OCT were developed in the 

1990s.  While bulk systems are not easy to integrate with endoscope, fiber-based systems offer 

higher flexibility, better compact size and easier alignment.  The common problems encountered 

using single mode fibers are the environmental disturbance, fiber movement and fiber 

imperfections.  Moreover, multiple measurements in different polarization states have to be 

acquired in separate trials.  Polarization-maintaining fiber (PMF), however, provides possibility 

to simultaneously detect interference fringes with different polarization information.  As 

discussed and explained in Chapter 2, spectral domain OCT allows faster acquisition speed than 

time-domain OCT.  The system performance of PS-OCT in spectral domain was evaluated and 

the subsequent results are reported.  Furthermore, the use of Jones vector to describe polarized 

light and Jones matrices to represent linear optical elements are presented, together with Jones 

matrix calculation.	  
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3.1 Polarization-maintaining fibers (PMF) 

	

Figure 3.12 Bow-tie style and panda style PM fiber	

2Reprinted from http://www.china-cable-suppliers.com/wp-content/uploads/2015/09/Panda-and-Bow-tie-PM-fiber.gif	

Figure 3.1 demonstrates the cross-section of a bow-tie style and Panda style PMF.  PMFs 

are single-mode fibers utilizing stress element to induce birefringence.  Two stress rods are 

inserted to the fiber along the cladding as shown in Figure 3.1.  Two different polarization modes 

travel through different velocities due to the birefringence induced within the core.  Therefore, 

PMF preserves two orthogonal polarization states regardless of whether the fiber is bent or 

straight.  PMF is essential to systems where maintaining polarization is necessary. Several 

different geometries including panda, elliptical jacket and bow-tie are used to produce stress 

birefringence in a fiber.  The polarization isolation (or polarization extinction ratio (PER) defined 

as the ratio of correctly to incorrectly polarized light) of PMF used in the experiments presented 

in this dissertation is around 25 dB according to the manufacturer. 
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3.2 Optical setup 

 

Figure 3.2 Setup of PMF-based PSOCT.  SLD – Superluminescent diode, PC – Polarization 
controller, C- Collimator, FB – Fiber bench, PM – Polarization maintaining, QWP – 
Quarter wave plat, L – Lens, R – Reflector, M – Mirror, G – Transmission grating, WP – 
Wollaston prism, ASC – Area scan camera [46]. 

Figure 3.2 depicts the optical setup configured for PS-OCT.  The light generated from a 5 

𝑚𝑊 superluminescent diode (SLD) (Superlum, Russia) centered at 687 nm and full width half 

maximum (FWHM) of 8.9 𝑛𝑚 is polarized by an isolator (IOB-3D-690-VLP, Thorlabs).  A 2x2 

PM coupler (Model 954P, Evanescent Optics Inc.) is used to split the polarized light equally and 

direct them to the reference and sample arms.  In the reference arm, light is collimated and travels 

through a quarter-wave plate (QWP) oriented at 22.50 with respect to the input polarization state 

prior to reflecting from a movable reflector.  As a result, linear polarization state oriented at 450 is 

achieved and coupled back to the slow and fast channels of the PMF equally.  In the sample arm, 

light is collimated and travels through a quarter-wave plate (QWP) oriented at 450 with respect to 

the input polarization state in order to provide circularly polarized state light to the sample, and 

enters to a galvanometer mirror for lateral scanning.  The light is then focused by an achromatic 

lens of 𝑓	 = 	30	𝑚𝑚.  Light reflected from the sample travels through a QWP oriented at 450, and 

propagates back to the PM coupler with the information of birefringence and optic axis 

orientation of the sample. 
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 3.2.1 Jones Matrix 

 Jones matrix, also known as Jones calculus, was first brought up by Dr. Robert Clark 

Jones in 1941.  A Jones vector is used to describe the polarized light, and Jones matrices are used 

to represent linear optical elements.  Table 3.1 lists the Jones vectors for various polarization 

states. 

Table 3.1 Jones vector representation of various polarization states 

Polarization State Jones Vector 

 

 
𝒄𝒐𝒔𝛟
𝒔𝒊𝒏𝛟

 

 

 
𝟏
𝟐

𝟏
−𝒊

 

 

 
𝟏
𝟐
𝟏
𝒊

 

 

 
𝒂𝒄𝒐𝒔𝛟 + 𝒊𝒃𝒔𝒊𝒏𝛟
𝒂𝒔𝒊𝒏𝛟 − 𝒊𝒃𝒄𝒐𝒔𝛟

 

 

 
𝒂𝒄𝒐𝒔𝛟 − 𝒊𝒃𝒔𝒊𝒏𝛟
𝒂𝒔𝒊𝒏𝛟 + 𝒊𝒃𝒄𝒐𝒔𝛟

 

 

 The polarization of an input light through polarizer can be represented by Jones vector in 

equation (3.1) as follows, 

𝐸�(𝑡)
𝐸� 𝑡

=
𝐸<�𝑒X(¤¥u¦O§¨©)

𝐸<�𝑒X(¤¥u¦O§¨ª)
=

𝐸<�𝑒X¨©
𝐸<�𝑒X¨ª

𝑒X(¤¥u¦O) 
 
(3.1) 
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where 𝐸(𝑡) is the input vector of electromagnetic field and 𝐸¥ 𝑡  = 0. 

 The polarization state of a light beam propagating through an optical component can be 

calculated by multiplying the Jones vector of the incident light and the Jones matrix of the optical 

component.  In the case of light propagating through multiple optical components, a 

multiplication of all the Jones matrices of the components and that of the incident light can be 

used to calculate the polarization state of the transmitted light.  Equation (3.2) below describes 

the multiplication of the Jones matrices. 

𝐸�«(𝑡)
𝐸�« 𝑡

= 𝐽P𝐽Pu~𝐽Pu= … 𝐽=𝐽~
𝐸�(𝑡)
𝐸� 𝑡

 
 

(3.2) 

where 𝐽X represents the Jones matrix of  optical component i for i from 1 to N.  𝐸«(𝑡) represents 

the Jones vector of the transmitted light and 𝐸(𝑡) represents the Jones vector of the incident light. 

 The Jones matrix of a retarder is governed equation (3.3) as follows [29]. 

𝐽 𝛿, 𝜃 =
𝑐𝑜𝑠=𝜃 + 𝑒uX¯𝑠𝑖𝑛=𝜃 𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃(1 − 𝑒uX¯)
𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃(1 − 𝑒uX¯) 𝑒uX¯𝑐𝑜𝑠=𝜃 + 𝑠𝑖𝑛=𝜃

 
 
(3.3) 

where 𝛿 is the phase retardance of the retarder and 𝜃 is the fast axis orientation. 

 In the reference arm of our setup, the polarization state after double passing the quarter-

wave plate (QWP) at orientation 22.50 can be represented in Jones matrix as follows. 

𝐸eNf�«(𝑡)
𝐸eNf�« 𝑡

= 𝐽±²³
´(22.5S) ∙ 𝐽±²³(22.5S) ∙

𝐸eNf�(𝑡)
𝐸eNf� 𝑡

≈
1
1

 
 

(3.4) 

where 𝐸eNf 𝑡  is the Jones vector of the light entering the reference arm. 

 In the sample arm of our setup, the polarization state after double passing through QWP 

oriented at 450 and the sample can be represented in Jones matrix as follows. 
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𝐸Q[gh\N�«(𝑡)
𝐸Q[gh\N�« 𝑡

= 𝐽±²³
´(45S) ∙ 𝑅 ∙ 𝐽Q[gh\N(𝛿, 𝜃) ∙ 𝐽±²³(45S) ∙

𝐸Q[gh\N�(𝑡)
𝐸Q[gh\N� 𝑡

≈ 𝑅
𝑠𝑖𝑛𝛿

𝑒X(=·§v)𝑐𝑜𝑠𝛿
 

 

(3.5) 

where 𝐸Q[gh\N 𝑡  is the Jones vector of the light entering sample arm. R, 𝛿 and 𝜃 are the 

reflectivity, phase retardance and the fast axis orientation of the sample, respectively.  Therefore, 

Jones vector helps understand the reflectivity, phase retardance and the optic axis orientation of 

the sample. 

3.2.2 Spectrometer Calibration 

 A custom-built spectrometer was designed to simplify camera alignment, to separate the 

orthogonal channels and to record the interference-related oscillations on both spectra.  The 

fringes encoded spectrally contain information of the depth-resolved amplitude and phase.  

Equation (3.6) below is the grating equation commonly used to determine the wavelengths on a 

given pixel of the camera. 

𝑑	 𝑠𝑖𝑛	𝜃X + 𝑠𝑖𝑛	𝜃M = 𝑛	𝜆   (3.6) 

where 𝑑 is the distance between adjacent grooves in the grating.  𝜃X and 𝜃M are the incident and 

diffracted angles with the grating surface of order 𝑛, respectively.  However, the calibration 

process can be done more precisely by replacing the SLD with a tunable laser and recording 

simultaneously from commercial spectrometer because of the nonlinearities and imperfections in 

the optical elements and misalignments.  These factors cause difficulties in determining accurate 

wavelength values for each camera pixel.  Nonetheless, in our case, the bandwidth of laser source 

to calibrate the spectra is not obtained appropriately.  Therefore, we calibrated the custom-built 

spectrometer with a commercial spectrometer by developing a method that launches various 

wavelengths of the source onto these spectrometers consecutively.  The setup is shown in Figure 

3.3.  The spectral component is coupled back into the PMF.  By placing a diffraction grating 
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(GR50-1208, Thorlabs), wavelengths can be selected.  Single wavelength is realized by adjusting 

the mirror.  The spectra of two channels on the area scan camera are depicted in Figure 3.4.  The 

450 orientation of the Wollaston prism causes the wavelength difference in the two channels.  The 

zero-order component of the transmission grating is coupled to the multi-mode fiber of the 

commercial spectrometer for more accurate readout of wavelength.  With curve fitting and 

interpolation, the wavelengths for all pixels are determined.   

 

Figure 3.3 Custom spectrometer calibration setup.  SLD – Superluminescent diode, PC – 
Polarization controller, C – Collimator, FB – Fiber bench, PM – Polarization maintaining, 
QWP – Quarter wave plate, L – Lens, R – Reflector, M – Mirror, G – Transmission grating, 
WP – Wollaston prism, ASC – Area scan camera [46]. 
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Figure 3.4 Spectra of two channels on our scan camera [46]. 

3.2.3 Dispersion compensation  

 Chromatic dispersion is induced by using a broadband light source in the interferometric 

configuration based on the fact that the speed of light depends on the refractive index of the 

media.  Different wavenumbers of the propagating light experience different refractive indices.  

Dispersion imbalance occurs when the sample and reference arms contain different lengths of 

dispersive media, which greatly degrade the axial resolution [11].  Dispersion mismatch can be 

physically compensated in part by implementing a rapid scanning optical delay [24], [25] or 

inserting variable-thickness BK7 and fused silica prism in the reference arm [26].  Alternatively, 

dispersion compensation through various programs utilizing numerical approach is now available 

to simplify data acquisition [27]. 

 Dispersion imbalance between sample and reference arms induces a phase shift 𝑒X·(¤) in 

the complex cross-spectral density 𝐼(𝑘) as a function of wavenumber.  This phase shift is 

calculated using linear interpolation from wavelength-space to wavenumber-space.  The phase 

term can be expanded by a Taylor expansion at the center wavelength of the light source as 

follows [34]. 

𝜃 𝑘 = 	𝜃 𝑘< +
𝜕𝜃 𝑘
𝜕𝑘 ¤�

𝑘< − 𝑘 +
1
2
𝜕=𝜃(𝑘)
𝜕=𝑘 ¤�

(𝑘< − 𝑘)= + ⋯

+
1
𝑛!
𝜕Z𝜃(𝑘)
𝜕Z𝑘 ¤�

(𝑘< − 𝑘)Z 

(3.7) 

where 𝑘< =
=v
��

.  Dispersion compensation can be realized by multiplying the complex cross-

spectral density 𝐼(𝑘) with a phase 𝑒uX·(¤).  The phase can be calculated by shifting the coherence 

function to the origin in z-space.  After applying an inverse Fourier transform, a complex 
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spectrum in k-space 𝐼′(𝑘) is retrieved.  In this case, phase was fitted to a 9th polynomial 

expression [28]. 

3.3 Signal Processing 

After the polarization states of light in reference and sample arms interfered, the spectra 

of the two channels were simultaneously acquired from LabVIEW software using optical setup 

shown in Figure 3.2.  The background was subtracted by the spectral interferometric data for both 

channels in order to remove the fixed pattern or characteristic noise.  Interpolation of a second-

order least square fitting from camera pixel-space to wavenumber-space is then performed [29].  

Dispersion compensation correction is applied in Matlab.  Inverse Fourier Transform is used to 

acquire the complex valued depth-profile.  The values obtained are in a form of: 

𝐴(𝑧)𝑒Xc(¥) (3.8) 

where 𝐴(𝑧) and 𝜑(𝑧) are amplitude and phase, respectively, and 𝑧 is the variable representing 

depth.  The sample reflectivity	𝑅(𝑧), phase retardance 𝛿(𝑧) and relative optic axis orientation 

𝜃 𝑧  are calculated by equations (3.9), (3.10) and (3.11), respectively, as follows. 

𝑅 𝑧 ∝ 𝐴~=(𝑧) + 𝐴==(𝑧) (3.9) 

𝛿 𝑧 = tanu~(
𝐴~(𝑧)
𝐴=(𝑧)

) 
(3.10) 
 
 

𝜃 𝑧 =
𝜋 − (𝜑~ 𝑧 − 𝜑=(𝑧))

2
 

(3.11) 
 
 
 

3.4 System Performance 

 Evaluation of system performance, including the axial resolution and phase sensitivity, is 

crucial prior to applying the PS-OCT for measurements.  The performance of this PS-OCT 

system was evaluated and reported in the subsequent sections prior to conducting the functional 

imaging experiments. 
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3.5.1 Axial resolution 

 Since the center wavelength and FHWM bandwidth are 687	𝑛𝑚 and 8.9	𝑛𝑚, 

respectively, substituting these values into equation (2.1) and n = 1 for refractive index of air, the 

theoretical axial resolution of this PS-OCT system is edtimated at 23.4 in air.  After applying 

dispersion compensation using Matlab, the measured axial resolution is about 26.5 𝜇𝑚.  The 

actual axial resolution in tissue is, therefore, estimated at 18.9 by assuming n = 1.4 for refractive 

index of tissue.  It should be mentioned that a single reflector is placed in the sample arm to 

characterize the measured axial resolution. 

3.5.2 Phase sensitivity 

 The phase sensitivity determines the minimum path length change that can be detected in 

a phase-sensitive PS-OCT system.  The phase information can be developed for phase-sensitive 

imaging including Doppler flows and function measurements.  As such, understanding the phase 

sensitivity is crucial for phase-resolved OCT systems.   

 Phase sensitivity is quantified by optimizing the reflectivity without saturating the area 

scan camera while placing a cover slip under the sample arm.  Phase sensitivity can be 

characterized as the variance of the phase difference between the front and back surface of the 

cover slip.  This variance is related to SNR by equation (2.6).  By optimizing the reflectivity, the 

signal level increases while the noise level remains unchanged resulting in higher SNR.  Bulk 

motion, mechanical vibration and temperature fluctuation lead to higher noise, and hence, lower 

SNR.  Calibration of the spectrometer and characterization of the phase sensitivity are always 

required prior to conducting the experiments in order to optimize the image quality. 

3.5 Discussion 

 Despite the promising imaging modality in PS-OCT, there are a few noticeable problems 

in using the system. 
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3.5.1 Ghost line 

 Ghost lines are unwanted patterns which restrict the imaging depth range of the system.  

While ghost lines are, in most cases, misleading, filtering the unwanted lines or patterns within 

the imaging depth range is challenging.  One of the noticeable fixed patterns is caused by 

imprecise coupling of the input polarization state.  This can be minimized by optimizing the 

isolator and the exit angle of the collimator in the detection path. 

3.5.2 Back-Reflection from Fiber Tips 

 Back-reflection in PS-OCT system can also be misleading.  However, by polishing the 

FC/APC fiber tips from both reference and sample arms frequently at an eight-degree angle can 

minimize the amount of back-reflection light.  In our experiments, sizes 3, 1, and 0.3 𝜇𝑚 grits 

were used to polish the fiber tips. 

3.6 Conclusion 

	 We constructed a polarization-maintaining fiber-based spectral domain interferometer 

utilizing a low-coherent light source and single camera using PM fibers.  A custom-built 

spectrometer was also designed to simplify camera alignment, to separate the orthogonal 

channels, and to record the interference related oscillation in spectra.  The system performance 

was frequently calibrated, tested and optimized.  The robustness, simplicity and flexibility for 

further modification are the key for this system to acquire accurate results in the rest of the 

experiments presented in this thesis.	 	
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CHAPTER 4 M-MODE DUAL-WAVELENGTH OCT SYSTEM 
FOR NEURAL ACTIVITY DETECTION OF A DENSE NERVE 
	

Neural activity imaging utilizing Harnessing light has been applied since1940s.  Optical 

imaging techniques have been developed for imaging of cell functionality and the study of 

physiological processes.  Neurophotonics, an interdisciplinary research that involves optical 

methodology and neuroscience, gradually emerged in the past few decades.  Transient changes in 

optical properties such as light scattering, absorption, volume change, fluorescence, turbidity and 

birefringence have been observed and reported during nerve excitation [19, 20, 30].  Without 

voltage-sensitive dyes, some of the transient change of intrinsic optical signals might not be 

significant.  As a result, voltage-sensitive dyes were introduced to further investigate the effect of 

action potential on optical changes.  In order to study the spectroscopic features of samples 

stained with different voltage sensitive dyes during nerve excitation, a dual-wavelength spectral-

domain optical coherence tomography (dual-wavelength SD-OCT) system was designed and 

constructed at the University of Minnesota using two wavelength bands centered at 690 𝑛𝑚 and 

840 𝑛𝑚 [33].  In this Chapter, focus is placed on the depth-localization M-mode functional 

imaging of a pike olfactory nerve with voltage-sensitive dyes using the aforementioned dual-

wavelength SD-OCT setup in order to observe the changes in the intrinsic optical signals 

including the back-scattered intensity and optical path length difference. 
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4.1 Introduction 

 In the early stage of research on the detection of functional neural activity, 

microelectrodes were used to achieve the spatiotemporal resolution required to probe neural 

activity.  However, in the 1960s, fluorescence changes during nerve excitation on samples stained 

with dye were reported [31].  This approach not only is non-contact, but also provides contrast-

enhanced image for clearer visualization of neural activity. 

 The detection of neural activity using light was started in 1940s.  In 1949, Hill and 

Keynes [45] detected an increase in scattering followed by a decrease upon repetitive electrical 

stimulation of a shore crab nerve.  Cohen et al. [32] also reported light scattering and 

birefringence changes in shore crab nerve as well as squid giant axon during electrical 

stimulation.  Tasaki et al. [31] later demonstrated the first optical detection of fast neural activity 

from nerves stained with voltage-sensitive dye.  Because of the extrinsic voltage-sensitive dye, 

changes in fluorescence, light scattering and birefringence were reported in crab and lobster 

nerves during electrical stimulation [31].  In recent years, Akkin et al. [21] reported depth-

localization neural activity utilizing a voltage-sensitive dye, providing significant changes in local 

back-scattered light intensity.  Change in back-scattered phase of squid giant axon during 

electrical stimulation shown in 2-D cross-section functional images was presented [33]. 

 In addition to the changes in back-scattered light intensity, birefringence and fluorescence 

variations due to action potential elicited by electrical stimulation and mechanical changes were 

also observed and reported.  Hill et al. [34] showed volume change caused by repetitive 

stimulation, and reported cumulative increase in radius in cuttlefish axon.  Bryant and Tobias [35] 

observed transient shortening in the length of crab and lobster nerves due to stimulation.  Hill et 

al. [36] also reported small contraction of axon followed by a slow swelling in crayfish axon due 

to the action potential propagation using laser interferometer and gold particles.  In addition, 

Iwasa et al. [37] presented a rapid swelling of axon surface followed by a slow contraction due to 
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an electrical stimulation of over 1 𝑚𝑠 duration using a fiber-based system.  Yao et al. [38] 

revealed a rapid swelling displacement followed by large and slow shrinkage along with a 

compound action potential. 

 Optical coherence tomography (OCT) can provide further detections and measurements 

such as depth-localization back-scattering intensity and phase changes caused by electrical 

stimulation and related to nerve functionality.  The idea of implementing phase-sensitive optical 

low-coherence reflectometry to provide non-contact and depth-resolved detection of neural 

activity was proposed by Akkin et al. [39] and Fang-Yen et al. [40].  Depth-resolved 

measurements of transient structural changes associated with action potential have been reported 

using SD-OCT in crustacean nerves [14].  Furthermore, contrast-enhanced image on absorption 

and scattering changes induced by voltage-sensitive dyes during electrical stimulation was 

reported [21]. 

 In this project, contrast-enhanced optical changes caused by neural activity of pike 

olfactory nerve with and without voltage-sensitive dyes were investigated using the previously 

described custom-built dual-wavelength spectral-domain depth-resolved functional OCT system. 

4.1.1 Action Potential 

 An action potential is a short-lasting event in which the electrical membrane potential of 

a cell rapidly rises and falls following a consistent trajectory.  Action potential in neurons are also 

known as ‘nerve impulses’ or ‘spikes’, and the temporal sequence of action potentials generated 

by a neuron is called its ‘spike train’.  Action potentials are generated by voltage-gated ion 

channels embedded in cell’s plasma membrane.  These channels are closed when membrane 

potential is near the resting potential, but open rapidly if the membrane potential increases to a 

precisely defined threshold value.  During the depolarization stage, the channels are opened and 

sodium ions flow inwards to the cell.  The inward flow of sodium ions alters the electrochemical 
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gradient, which in turn produces a further rise in the membrane potential.  This causes more 

channels to open, resulting in an increased electric current across the cell membrane.  The rapid 

influx of sodium ions causes the polarity of the plasma membrane to reverse, and the ion channels 

then rapidly inactivate.  Subsequently, sodium ions are actively transported to the plasma 

membrane followed by the activation of potassium channels.  The outward flow of potassium 

ions returns the electrochemical gradient to its resting state.  After the action potential, there is a 

transient negative shift, caused by the additional potassium currents.  This transient negative shift 

is known as refractory period.  This mechanism helps prevent an action potential from reverse 

propagation.  The ion exchange process during action potential is depicted in Figure 4.1. 

 Myelination of a nerve fiber governs the propagation speed of the action potential.  The 

unmyelinated axons are enveloped by Schwann cells while the myelinated axons are wrapped 

around by a myelin sheath.  The speed of conduction in unmyelinated axons is proportional to the 

square root of the axon diameter, while the speed of conduction in myelinated axons is 

proportional to the axon diameter.  Myelinated axon has a higher speed of action potential 

propagation because it only requires the axon membrane at the node of Ranvier to be depolarized. 

 Quantification of action potentials requires the insertion of electrodes into the targeted 

tissues.  This method not only is invasive, but also yields low spatial resolution.  Non-invasive, 

reliable, as well as spatially resolved detection of neural activity is a big step for neuroscience 

research. 
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Figure 4.13 Ion exchange processes during action potential 

3 Picture downloaded from 
http://3.bp.blogspot.com/_g5mAeJfqB7c/R1d4N7U6AAI/AAAAAAAAABg/hCjceYj_weY/s320/APgraph.gif 

4.1.2 Voltage-Sensitive Dye 

 Voltage-sensitive dyes, sometimes known as potentiometric dyes, are dyes that change 

their spectral properties in response to voltage changes.  Since neural activity is directly related to 

the changes in membrane potential, voltage-sensitive dyes can serve as molecular transducers that 

translate the changes in membrane potential to optical signals.  The development of contrast-

enhancing molecular imaging techniques could be considered as one of the alternatives of multi-

electrode array in the detection of nerve functionality in electrophysiology.  The capability of 

providing linear measurements of firing activity of neurons benefits in functional imaging using 

PS-OCT system.  Furthermore, voltage-sensitive dyes can amplify intrinsic signals.  However, the 

use of voltage-sensitive dyes can also be challenging.  Multiple factors have to be taken into 

consideration while using voltage-sensitive dyes.  These are dyes’ sensitivity, specificity, toxicity, 

photodynamic damaging and pharmacological damage.  Light source and staining procedures also 

play a role in the selection of the right voltage-sensitive dyes. 
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4.2 Approach 

4.2.1 Optical Setup and Image Acquisition 

The dual-wavelength polarization-sensitive spectral-domain optical coherence 

tomography system constructed for investigating the depth-localization of a pike olfactory nerve 

is described in this section.  Figure 4.2 shows a full picture of the system configuration.  The two 

wavelengths used in this project are 690 𝑛𝑚 and 840 	𝑛𝑚.  

In the 690 𝑛𝑚 system,  a 5 mW superluminescent diode (SLD) (Superlum, Russia) with a 

full width at half maximum (FWHM) bandwidth of 8.9 𝑛𝑚 centered at 687 𝑛𝑚	is protected and 

polarized by the isolator (IOB-3D-690-VLP, Thorlabs).  A 2x2 polarization-maintaining (PM) 

coupler (Model 954P, Evanescent Optics Inc.) directs the input light equally to the reference arm 

and sample arm.  Using equation (2.1) and n = 1.4 for refractive index of tissue, the theoretical 

axial resolution is estimated at 16.7 𝜇𝑚 in tissue.  With reference to Section 3.5.1 regarding 

system performance, the actual axial resolution is expected to be equal to 18.9 𝜇𝑚. 

In the 840 nm system, the light source is a 25 𝑚𝑊 broadband near-infrared 

superluminescent diode (SLD) with a full width at half maximum (FWHM) bandwidth of 50 nm 

centered at 840 nm (Broadlighter S840, Superlum, Ireland).  The theoretical axial resolution in 

tissue is estimated at 4.5 𝜇𝑚 according to equation (2.1) and n = 1.4 refractive index of tissue.  

The actual axial resolution is expected to be equal to 5.1 𝜇𝑚 in tissue based on Section 3.5.1 

regarding system performance.  The light source first passes through the polarizer in the fiber 

bench.  Subsequently, the linearly polarized light is coupled to the orthogonal channels of PMF.  

A 2x2 polarization-maintaining (PM) coupler (Canadian Instrumentation & Research Ltd., 

Canada) directs the input light into reference (70%) and sample (30%) arms.  

In the reference arm of both 690 nm and 840 nm systems, collimated light passes through 

a quarter-wave plate (QWP) oriented at 22.50 with respect to the input polarization state, and 
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reflected from a reflector, which is the front surface of a glass wedge.  The returning light, in both 

systems, are then linearly polarized at 450, which are couple back equally to the slow and fast 

channels of the PMF. 

A dichroic mirror (T7601pxr, Chroma Technology Corp.) combines the sample arm of 

two OCT systems onto the sample.  Half-wave plate (HWP) was placed before and after the 

dichroic mirror, respectively.  This is to isolate the two orthogonal polarization states.  As a 

result, in both 690 nm and 840 nm OCT systems, linear polarization states of light are projected 

onto the sample by the same 19 mm focusing lens, resulting lateral resolution of 7 𝜇𝑚 and 8.5 

𝜇𝑚, respectively.  The optical power on the sample from the 690 nm system is 505 𝜇W, while the 

optical power on the sample from the 840 nm system is 750 𝜇W.  A 16X objective lens (Thorlabs 

Inc.) was used to couple the transmission light passing through the nerve chamber into a 

multimode fiber.  In order to detect the crossed-polarized light intensity changes during neural 

activity, transmission light was guided through the nerve chamber and the crossed-polarizer.  The 

light leakage from the crossed-polarizer was measured to be 0.97% and 0.007% for 690 nm and 

840 nm wavelength bands, respectively.  Collimated light exiting the multimode fiber then passed 

through the filters (Filter A: FF01-650/100, Semrock; Filter B: FF01-794/160, Semrock; and 

dichroic filter: FF801-Di02, Semrock) that help screen for source-related light intensity change 

recordings.  Two photodetectors are used to record the non-depth-resolved transmitted light 

intensity of 690 nm and 840 nm.  All the signals detected by the photodetectors are synchronized 

and recorded using custom LabVIEW software (National Instruments, Austin, Texas) based on 

the software developed for data acquisition.   

In the spectrometer of the 690 nm system, the de-correlated states returned from the 

sample arm interfere with the corresponding states in the reference arm.  Interference of each 

state occurs in the coupler and maintained by the PMF channel.  A spectrometer was constructed 

in the detection arm to separate the two channels and their spectral components that contain 
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interference related oscillations.  With the aid an achromatic lens (f = 60 mm), light is collimated 

in the spectrometer and subsequently directed to a transmission grating (1800 lines/mm) oriented 

at 450 with respect to the PMF channels.  Therefore, both polarization channels are ensured to 

receive equal grating efficiency.  A Wollaston prism (Karl Lambrecht Corp., Illinois) with 

splitting angle of 0.50 is used to separate the orthogonal polarization states and to focus the 

spectra onto a CMOS area camera (acA2000-340km, Basler, Germany) using an achromatic lens 

(f = 75 mm).  The camera contains 2048 x 1088 pixels with 5.5 x 5.5 𝜇𝑚= pixel size, which 

allows the selection of two lines from two different channels.  The integration time was set at 90 

𝜇𝑠 and the acquisition rate was 20 kHz (200 𝜇𝑠/A-lines) for both lines (at maximum rate of 6.6 

kHz).  To maximize photon collection, vertical binning of four consecutive pixels is used.  This 

selection of vertically separated lines gives flexibility in the design of single-camera based 

systems.   

In the spectrometer of the 840 nm system, collimated light from the achromatic lens (f = 

75 mm) is dispersed to its spectral components by a 1200 lines/mm transmission grating 

(Wasatch photonics, Logan, UT).  A Wollaston prism (Karl Lambrecht Corp., Illinois) with a 

splitting angle of 60 is used to separate the orthogonal polarization states and the achromatic lens 

(f = 200 mm) is used to focus the spectra onto the CMOS line-scan camera (Sprint, sp14096-

140km Basler, Ahrensburg, Germany).  The acquisition rate of this line-scan camera was set at 20 

kHz (200 𝜇𝑠/A-lines). 

During the experiments, cross-sectional images of the pike nerve in the chamber were 

displayed in real-time for fine-tuning in order to obtain the optimal positions for functional 

imaging.  By terminating the controller input (0 V) of the lateral scanner, a single depth profile 

(z) of interest was recorded over time period of 250 𝑚𝑠.  A cross-sectional image was obtained 

by scanning the beam laterally across the width of the pike olfactory nerve.  Once the position 

was finalized, the galvanometer controller was electrically terminated by using a 50 Ω connector 
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at the input and a single depth profile of interest was recorded for both OCT systems 

simultaneously.  The acquisition period was 250 ms. 

The phase sensitivity of the 690 nm and 840 nm systems are 537.4 pm and 878.8 pm, 

respectively.  This is characterized by simultaneous recordings of phases reflected from the front 

and the back surface of the cover-slip.  The system noise and vibration of both 690 nm and 840 

nm system might be different because of the use of different reference arms. 

 

Figure 4.2 Optical Setup for M-mode functional imaging.  SLD – Superluminscent diode, 
PC – Polarization controller, C – Collimator, P – Polarizer, FB – Fiber bench, PM – 
Polarization maintaining QWP – Quarter wave plate, HWP – Half wave plate, DM – 
Dichroic mirror, L – Lens, R – Partial reflector, G – Transmission grating, WP – Wollaston 
prism, LSC – Line scan scmaer, BS – Beam splitter, D – Detector.  Photo credited to Yi-Jou 
Yeh 
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4.2.2 Pike Olfactory Nerve 

 Muralt et al.[41] reported in 1976 that pike olfactory nerve is about 1 mm in diameter and 

5-7 cm long.  The cross-sectional scan of the pike nerve described in Muralt et al. [41] is shown 

in Figure 4.3.  The nerve bundle consist of more than 4 million unmyelinated small axons and 

around 0.2 million myelinated large axon.  Cross-polarization light intensity change in pike 

olfactory nerve is 3.3 x 10-3, which is one thousand times larger than that in squid giant axon [32].  

This provides evidence that OCT may be capable of detecting changes in functionality in the pike 

olfactory nerve during electrical stimulation. 

4.2.3 Nerve Preparation 

 The olfactory nerve of a freshly sacrificed northern pike (Esox lucius) was dissected 

under the microscope.  The olfactory nerve was extracted and placed in a dish with Ringer’s 

solution.  Both ends of the nerves were tied and secured with threads for positioning.  Ringer’s 

solution consists of 120 mM NaCl, 4 mM KCl, 11 mM CaCl2, 3 mM NaHCO3 and 5 mM 

glucose.  The solution was oxygenated and the nerve was immersed into the solution before and 

after the dissection, respectively.  Detail description of the preparation can be found in [41].   

 Table 4.1 presents the dyes used for staining the pike olfactory nerve and their staining 

properties.  All the nerves samples were stained in a dark environment.  The nerve was placed in 

the nerve chamber shown in Figure 4.4, and covered by a glass window to provide a reference 

surface for phase measurement. 
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Figure 4.3 Cross-sectional image of pike olfactory nerve.  Reprinted from Muralt et al 
(1976) [41] 

 

Table 4.1 Dyes used for staining the pike olfactory nerve and their staining properties 

Name of Dye Staining concentration 
(mg/mL) 

Staining Period 

(minute) 

Additional Solutions 

PGH 6 1 20 1% Pluronic 
	

4.2.4 Nerve Chamber and Electrical Stimulation 

 The nerve chamber shown in Figure 4.4 is made of acrylic glass.  On the chamber, 

platinum electrodes with epoxy are used to stimulate and detect action potential.  The chamber is 

oriented in a position so that the long axis of the nerve is at 45 degrees with respect to the linear 

polarization of the incoming light.  This is to maximize the cross-polarized light intensity that can 

be detected.  Petroleum jelly is used to isolate the stimulating electrodes from the recording 

electrodes.  A cover glass is used to provide an optical reference signal for extracting the 

differential phase signals. 
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 Figure 4.4 shows the nerve chamber used in this project.  An isolated pulse stimulator 

(Model 2100, A-M Systems, Squim, WA) was used to generate electrical current pulses of 

adjustable amplitude to stimulate the pike olfactory nerve resulting in action potential.  The 

electrode signals generated from the nerve was amplified by an AC differential amplifier (Model 

1800, A-M Systems, Sequim, WA) and recorded by a data acquisition card (National Instruments, 

Austin, TX).  The action potential was displayed on an oscilloscope in order to monitor the nerve 

functionality and repeatability during the experiment. 

 

Figure 4.4 Nerve chamber.  The nerve is positioned along the groove.  The groove is filled 
with appropriate solution.  Petroleum jelly is used to prevent direct conduction.  Photos and 
setup credited to Yi-Jou Yeh 

4.3 Signal Processing 

 A flow chart is presented in Figure 4.5 to illustrate the signal processing procedure.  The 

raw spectra acquired by the line-scan camera are re-mapped from the wavelength domain to k-

space.  After interpolation and zero-padding, dispersion imbalance is compensated.  Inverse 

Fourier Transform is applied to obtain the complex depth-profile values.   
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Reflectivity information	𝑅, optical path length variations (also known as phase 

difference) ∆𝑃 response, intensity change	∆𝐼, and normalized intensity change ∆𝐼/𝐼, are four 

important parameters for functional analysis.  The equations governing these parameters are 

described as follows. 

𝑅 𝑧 ∝ 𝐴~=(𝑧) + 𝐴==(𝑧) (4.1) 

∆𝑃(𝑧) = 	
𝜆<
4𝜋

{ 𝜑~ 𝑧 − 𝜑~ 𝑧e − 𝜑~ 𝑧 − 𝜑~ 𝑧e } 
(4.2) 

∆𝐼(𝑧) = 𝐴~ 𝑧 − 𝐴~(𝑧) (4.3) 

∆𝐼
𝐼
=
𝐴~ 𝑧 − 𝐴~(𝑧)

𝐴~(𝑧)
 

(4.4) 

where 𝜆<, 𝜑~(𝑧) and 𝜑~(𝑧e) are the center wavelength, phase at depth 𝑧, and phase of the 

reference glass surface, respectively.  𝐴~ 𝑧 	𝑎𝑛𝑑	𝐴=(𝑧) are the intensities of the main channel 

and cross channel, respectively. 

 In equation (4.2), glass surface is used as a reference point for subtraction in M-mode 

OCT functional scan.  The reference depth-point is defined by the peak optical path length of the 

pixels at the glass surface.  Environmental perturbations, especially vibrations, can reduce the 

phase stability and hence, change the path difference between the reference and sample arms.  By 

subtracting the reference pixel, the differential phase calculation is made immune to these 

perturbations. 

After extracting these four measurements, the ‘detrended’ version of each equation is 

investigated. Detrending the measurements provide better visualization as well as more accurate 

comparison before and after electrical excitation.  Detrending process of a variable involves 

subtracting the variable by its own best-fitted (attaining maximum	𝑅=) straight line along time.  

By subtracting the linear term, the environmental perturbations and other factors that vary with 

time can be removed.  The measurements are then averaged with fifty trials (N = 50). 
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Dynamic threshold on Δ𝐼/𝐼 is also applied to remove noise.  Unlike	Δ𝐼, low intensity 

depth-pixel with significant difference in time yields high Δ𝐼/𝐼 values.  However, these very low 

intensity pixels are often noise.  As a result, a dynamic threshold is set aiming to reduce the pixels 

which are not reflecting from the nerve tissue.  Figure 4.5 presents the flow chart summarizing 

the signal processing procedure. 
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Figure 4.5 Flow chart summarizing signal processing procedure 
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4.4 Results 

 A cross-sectional image can be obtained from a number of A-lines acquired 

consecutively during a scan in the lateral direction. Figures 4.6 (a) and (b) display the structural 

images of an unstained pike olfactory nerve obtained from the 690 nm and 840 nm OCT systems 

with a dynamic range of 50 dB, respectively. The dark part of the structural image refers to the 

pike nerve. Figures 4.6 (c) and (d) show the depth profiles of the structural images shown in 

Figures 4.6 (a) and (b), respectively, along the center (red line) of an unstained pike olfactory 

nerve. These depth profiles are the amplitudes of reflectivity obtained from a single A-line 

indicated on the structural images showing the nerve within two glass-solution surfaces. 

(a) (c) (b) (d) 

 

Figure 4.6 Structural images obtained from 840 nm (a) and 690 nm (b), and their 
corresponding depth profiles (c) and (d), respectively, along the center (red line) of an 
unstained pike olfactory nerve 

 Figure 4.7 (a) and (b) show the M-mode intensity image and the M-mode normalized 

intensity change image, respectively.  The x-axes on Figure 4.7 (a) and (b) are time, while the y-

axes (𝑧) are depth.  The M-mode images shown in Figure 4.7 were acquired without electrical 

stimulation.  M-mode is used to track depth-localization nerve functionality with respect to time 

when an action potential is elicited by electrical stimulation.  The use and analysis of M-mode 

images will be further explained in this section. 
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(a)         (b) 

  
 

Figure 4.7 Depth-localization activities of M-mode phase (a) and intensity (b) images in gray 

scale. 

 Optical path length difference and intensity change can be observed in depth-localization 

functional imaging on pike olfactory nerve samples with and without PGH6 voltage sensitive dye.  

The results on optical path length difference and intensity changes are presented in Section 4.4.1 

and 4.4.2, respectively. 

4.4.1 Optical Path Length Difference 

In real-time SD-OCT imaging of the cross-sections of the nerve prepared and position in 

the chamber, both images of the nerve sample and reference glass were recorded during action 

potential propagation.  ∆𝑃 response was detected on samples of pike olfactory nerve with and 

without voltage-sensitive dye. 

The results obtained from an unstained pike olfactory nerve are shown in Figure 4.8.  The 

depth intensity profile of the main channel and electrical action potential are shown in Figure 4.8 

(a) and (b), respectively. The seven red spots in Figure 4.8 (a) represent randomly selected depth 

locations for which temporal signals of optical path length difference (or ∆𝑃 response) were 
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acquired and presented in Figure 4.8 (c).  ∆𝑃 responses are obtained by averaging 50 trials (i.e., N 

= 50). 

Action potential trace shown in Figure 4.8 (b) was recorded using stimulation current of 7 

mA with pulse duration of 5 ms.  Phase correction was achieved by subtracting the glass surface. 

The subsequent values were averaged over 50 times. The ∆𝑃 responses shown in Figure 4.8 (c) 

are monophasic with downward direction.  

Figure 4.9 shows the results obtained from a pike olfactory nerve stained with voltage-

sensitive dye PGH6. The nerve was stimulated by 3 mA current pulses with pulse duration of 5 

𝑚𝑠.  Figures 4.9 (a) and 4.9 (b) show the depth intensity profile of the main channel and electrical 

action potential recording, respectively. Figure 4.9 (c) shows ∆𝑃 responses of seven randomly 

selected depth locations that are indicated in Figure 4.9 (a).  Each response is with averaging 50 

trials.	  
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(a) 

 

(b) 

  

(c) 

 

Figure 4.8 Results obtained from an unstained pike olfactory nerve.  (a) M-mode depth 
intensity profile of main channel.  (b) Action potential.  (c) Optical path length difference, 
∆𝑷, versus time graphs taken at seven different depth locations indicated by red spots in (a) 
and averaged over 50 trials (N = 50)  
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(a) 

 

(b) 

 

(c) 

 

Figure 4.9 Results obtained from pike olfactory nerve stained with PGH6.  (a) M-mode 
depth intensity profile of main channel.  (b) Action potential.  (c) Optical path length 
difference, ∆𝑷, versus time graphs taken at seven different depth locations indicated by red 
spots in (a) and averaged over 50 trials (N = 50)  

 Figures 4.10 to 4.14 show five different scans obtained at five different lateral locations 

on the same pike olfactory nerve stained with voltage-sensitive dye PGH6.  Similar to the 

previous figures, the action potential was recorded with administration of 3 mA current pulses 

with pulse duration of 5 ms.  It should be mentioned that these five images were recorded 

consecutively in time. 
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Figures 4.10 (a) to 4.14 (a) show the averaged plot of M-mode images obtained from 

depth-localization activities.  Figures 4.10 (b) to 4.14 (b) show the electrical action potential 

traces and M-mode versus time graphs.  It is evident from these figures that the ∆𝑃 responses are 

consistent throughout the five different lateral locations.  Accumulation of very small time delay 

in the compund action potential traces can be observed carefully in Figures 4.10 (b) to 4.14 (b).  

This may be explained by the slow dying of the nerve affecting the recruitment of the axons and 

physiological factors affecting propagation speed of the compound action potential, as these five 

images were recorded consecutively in time.  Although the depth profiles probed are spatially 

different, but usually in the same vicinity, the time delay of ∆𝑃 response can also be observed 

from Figure 4.10 (b) to 4.14 (b). 

Figures 4.10 (b) to 4.14 (b) are summarized in Figure 4.15 in order to visualize the 

aforementioned phenomenon of time delay in an easier manner.  The action potentials and M-

mode images obtained from five different lateral locations scanned consecutively in time and 

presented in Figure 4.10 (b) and 4.14 (b) were plotted together in Figure 4.15.  Different DC 

levels were added to both the action potential and M-mode shown in Figure 4.10 (b) to 4.14 (b) 

for clarification purpose prior to incorporating them in Figure 4.15.  Figure 4.15 provides strong 

evidence that ∆𝑃 is indicative of tracking the action potential. 

(a) 

 

(b) 

 
Figure 4.10  
(a) (b) 

50 ms 10
0 
𝝁𝒎

 

〈∆𝑃〉	

AP 



	
49	

	

  
Figure 4.11  
(a)  

 

(b) 

 
Figure 4.12  
(a) 

 

(b) 

 
Figure 4.13  
(a)  

 

(b) 
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Figure 4.14  
 

Figure 4.10 – 4.14 Depth-localization activities of M-mode optical path difference (∆𝑷) 
images in ‘Jet’ scale from -10 nm to 10 nm obtained from five different lateral locations (a);  
action potentials and corresponding M-mode temporal images averaged over depth from 
range -5 nm to 10 nm 

	

Figure 4.15 Action potentials and z-averaged ∆𝑷 responses versus time.  The curves are 
derived from the  graphs of Figures 4.10 (b) to 4.14 (b) with different DC values added for 
clarification purpose 
	

4.4.2 Intensity Change 

	 Backscattered intensity change, or ∆𝐼 response, is less significant comparing to ∆𝑃 

response.  Normalizing ∆𝐼 is one way to filter unsolicited noise from high intensity depth points.  

Absolute value of normalized change in intensity is used due to the possibility of having positive 

and negative intensity responses during action potential.  Detrend is also applied.  The response is 

averaged fifty times (N = 50) to increase SNR.  ∆𝐼/𝐼  responses are detected in pike olfactory 

nerve, both unstained and stained with PGH6 dye.  Figure 4.16 depicts the 	∆𝐼/𝐼  responses 

obtained at seven different depth locations shown by red spots in the depth intensity profile, and 

the corresponding action potential electrical recordings of the unstained nerve.  Figure 4.16 

depicts the ∆𝐼/𝐼  responses obtained at seven different depth locations shown by red spots in the 
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depth intensity profile, and the corresponding action potential electrical recordings of the nerve 

sample stained with PGH6 dye.  ∆𝐼/𝐼  responses in PGH6 stained pike olfactory nerve is more 

significant than the responses in unstained nerve.   
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(a)	

	

(b)	

		
(c)	

	

	

Figure 4.16 Depth intensity profile of the main channel (a), action potential (b) and absolute 

valued normalized main channel intensity difference, ∆𝑰
𝑰

, of seven different depth locations 

(red spots on the depth intensity profile) on a single M-mode depth-localization image 
averaged 50 times (N = 50) of an unstained pike olfactory nerve	

	 	

25 ms 

Action potential 
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(a)	

	

(b)	

	
(c)	

	

	

Figure 4.17 Depth intensity profile of the main channel (a), action potential (b) and absolute 

valued normalized main channel intensity difference, ∆𝑰
𝑰

, of seven different depth locations 

(red spots on the depth intensity profile) on a single M-mode depth-localization image 
averaged 50 times (N = 50) of a pike olfactory nerve stained with PGH6 

	 The same stained (PGH6) pike olfactory nerve sample was imaged at five different lateral 

locations and subsequent results are shown in Figures 4.18 to figure 4.22.  In each of these five 

figures, M-mode images, action potential, and depth-averaged responses are depicted.  These 

results provide further evidence that backscattered light intensity is indicative of tracking action 

potential and neural activity in a nerve. 

25 ms 

Action potential 
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 Since the five lateral scans were conducted consecutively in time, the overlay technique 

previously described in Section 4.4.1 was applied and Figure 4.23 shows the result.  Different DC 

levels were added to the action potential and averaged ∆𝐼/𝐼  shown in Figure 4.18 (b) to 4.22 (b) 

for clarification purpose prior to incorporating them in Figure 4.23.  Time delay is evident in 

Figure 4.23.  Furthermore, Figure 4.23 provides additional evidence that ∆𝐼/𝐼  is indicative of 

tracking the action potential. 

(a)  

 
Figure 4.18 

(b)  

 

(a)  

 
Figure 4.19 

(b)  
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Figure 4.20 

 

(a)  

 
Figure 4.21 

(b)  

 

(a)  

 
Figure 4.22 

(b)  

 

 

Figure 4.18 – 4.22 Depth-localization activities of M-mode normalized intensity ∆𝑰/𝑰  
images in ‘hot’ scale from 0 to 0.05 obtained from five different lateral locations (a); action 
potentials and corresponding M-mode temporal images averaged over depth (b)  
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Figure 4.23 Action potential versus time and z-averaged ∆𝑰/𝑰  versus time graphs of 
Figures 4.18 (b) to 4.22 (b) with different DC values added to action potential and z-
averaged signals for clarification purpose 

4.5 Discussion 

 Phase and intensity changes during action potential of pike olfactory nerve are evident in 

the existing datasets obtained from pike olfactory nerve samples with and without PGH6 voltage-

sensitive dye. In the present work, the effect of various voltage-sensitive dyes on these changes 

was not studied for comparison.  Bulk motion correction was done to minimize the noise due to 

vibration. However, there are other perturbations yet to be addressed. This include movement of 

the nerve in the chamber potentially varying the spatial location (depth profile) during the 

recording and axial movement of the nerve with respect to the reference glass surface.  

Temperature drift is one of the factors that can alter the path length difference in the 

interferometer [42]. Better understanding of the noise origins is beneficial to future research and 

Action potential 

〈È∆𝐼/𝐼ÉÈ〉	
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development of OCT functional imaging on neural activity via investigating the optical effects of 

action potential. 

4.6 Conclusion  

 The methods used in this Chapter for de-trending and bulk motion correction are 

effective, based on the results presented in Section 4.1, to stabilize the optical path length 

difference response and intensity response.  Furthermore, the results obtained in this Chapter 

reveal that depth-specific transient changes of path length difference and intensity can be 

detected.  These two parameters are consistent and significantly correlated to transient neural 

activity.  Therefore, they are viable indicators of transient neural activity in laboratory setting. 
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CHAPTER 5 CROSS-SECTION IMAGING OF TRANSIENT 
CHANGES DURING NEURAL ACTIVITY OF A DENSE 
NERVE 
 

 The extension to 2-D cross-section imaging from single depth-profile functional imaging 

is presented in this Chapter.  A polarization-maintaining-fiber (PMF) based functional optical 

coherence tomography (OCT) scanner was devised and used to detect 2-D cross-sectional images 

of neural activity.  Transient change in optical path length in pike olfactory nerve was detected 

during action potential propagation.  The nerve was stained with PGH6 dye.  2-D image provides 

transient change in specific sites in the cross-sectional area of the nerve throughout the action 

potential propagation.  The 2-D functional imaging approach presented in this Chapter facilitates 

the development of small scale functional activity. 
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5.1 Optical Setup, Data Packing and Sample Preparation 

A polarization-maintaining fiber-based (PMF) OCT system was used for cross-sectional 

imaging of neural activity.  Figure 5.1 shows the structural images and subsequent profiles of an 

unstained pike olfactory nerve at 690	𝑛𝑚 and 840	𝑛𝑚.  The schematic diagrams shown in 

Figures 5.2 depict the optical data packing process of the system, respectively.  The sample was 

an olfactory nerve of a freshly sacrificed northern pike.  Nerve preparation procedures presented 

in Section 4.2.3 were followed. 

The setup described in Figure 4.2 chapter 4 was used.  However, since cross-sectional 

imaging of neural activity requires fast data acquisition, 690 nm part of the system was turned off.  

Cross-sectional images were obtained from the 840 nm system. 

The spectrometer was calibrated with a commercial spectrometer (HR2000+, Ocean 

Optics, Dunedin, FL) by using a diffraction grating coupling selected wavelengths of the light 

source to these spectrometers and fitting the readings to a curve [44].  The spectra carrying 

interference related oscillations were acquired at the rate of 33.33 kHz (30 µs/A-Line). The 

galvanometer-controlled mirror was continuously scanning triangular wave with a 6 millisecond 

period for 180 ms.  The optical power on the sample was 750 𝜇W. 

During the experiment, action potential traces were displayed on the oscilloscope to 

monitor the nerve functionality over time. 

 

(a) (c) (b) (d) 
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Figure 5.1 Structural images from 840 𝒏𝒎 (a) and 690 𝒏𝒎 (b) OCT systems, and their 
corresponding depth profiles, (c) and (d), along the center (red lines) of an unstained pike 
olfactory nerve, same as Figure 4.6 

	 	

 

 

 

 

 

 

 

Figure 5.2 Data accusation process of a single trial 2-D scanning configuration 

	

5.2 Signal Processing 

The spectra obtained from experiment were re-mapped from wavelength domain to k-

space.  After interpolation and zero-padding, dispersion imbalance was compensated.  Inverse 

Fourier Transform was applied to obtain the complex depth-profile values.  Reflectivity 𝑅, optical 

path length variation ∆𝑃, intensity change	∆𝐼, and normalized intensity change ∆𝐼/𝐼 were 

calculated using equations (4.1) to (4.4) previously described in Section 4.3.  All these steps are 

identical to those described in Section 4.3. 

With reference to the flowchart shown in Figure 4.5 of Section 4.3 summarizing the 

signal processing procedures, reference pixel selection and reference subtraction are involved for 

analyzing the depth-localization functional image.  For 2-D image, a reference line at a certain 

(glass surface) depth is extracted for subtraction by the 2-D functional image.  It should be 

mentioned that each 2-D image consists of its own reference line for reference subtraction in 

#1	 #2
	 	

#3	 #29	 #30	
Frame 

number 

Total	a-lines:	6000	
Total	time:	180	ms	

…..	

200 a-lines 
6 ms 

200 a-lines 
6 ms 

200 a-lines 
6 ms 

200 a-lines 
6 ms 

200 a-lines 
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order to minimize the artifacts due to micro-vibrations.  These steps are different to the depth-

localization counterpart described in Section 4.3. 

Detrending was done on the 30 frames acquired in 180 𝑚𝑠.  ∆𝑃 images were mapped 

with respect to time.  Movies of phase change in 2-D high spatiotemporal resolution were created 

for better visualization of the transient change during action potential propagation.  Screen shots 

of movies of different scans on different lateral locations are presented in the following section. 

5.3 Results 

 Screen shots of movies of six different functional images from six different lateral 

locations of the pike olfactory nerve stained with PGH6 dye are shown in Figure 5.3(b) to Figure 

5.8(b).  Four screen shots displaying 2-D images of ∆𝑃 responses at 𝑡	 =

	48, 96, 102	𝑎𝑛𝑑	150	𝑚𝑠 are shown in each figure for each trial.  The leftmost shot denoted by (i) 

in each of these six figures shows the ∆𝑃 response in 2-D image before the arrival of action 

potential to the optical measurement area.  The middle two shots denoted by (ii) and (iii) show the 

∆𝑃 responses during the compound action potential.  The rightmost shot denoted by (iv) shows 

the ∆𝑃 response after the action potential.  The vertical bar on the right of each figure is in ‘hot’ 

scale from 0	𝑛𝑚 to 10	𝑛𝑚.  Figures 5.3(a) to 5.8(a) show the action potential corresponding to 

the scan.  Vertical lines are drawn in these figures at previously mentioned time values of 

48, 96, 102	𝑎𝑛𝑑	150	𝑚𝑠 are labeled (i) to (iv), respectively.  The lines help identify the timing of 

the scans, each of which is 6 ms as shown in Figure 5.3(b) to 5.8(b), with repect to the action 

potential recordings. 

It can be seen from Figures 5.3(b) to 5.8(b) that ∆𝑃 response is much higher in (ii) and 

(iii) than (i) and (iv) in all 6 figures.  Therefore, ∆𝑃 response was detected during action potential 

propagation, but not before and after the propagation. 



	
62	

	

 ∆𝑃 response is higher in (iii) than (ii) in all 6 figures in (b), but the action potential is 

higher in (ii) than (iii) in all 6 figures in (a).  This can be explained by the location of the optical 

measurement area, which is between the electrodes measuring the compound action potential.  

Since (ii) and (iii) are taken at 𝑡 equal to 96 and 102 𝑚𝑠, respectively, the time lag between (ii) 

and (iii) is ~6 𝑚𝑠. 

Figure 5.9 depicted traces on a cross-sectional functional image of a pike olfactory nerve 

stained with PGH6 dye.  Six pixel points in the cross-sectional image of the nerve are selected to 

show in the plot, where x-axis is time and y-axis is optical path length difference (∆𝑃 response) in 

𝑛𝑚.  This provides evidence of action potential traced at different sites on the nerve. 
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Figure	5.5	

	
Figure	5.6	

	
Figure	5.7	
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Figure	5.8	

	

Figure 5.3 – 5.8 2-D images of ∆𝑷 responses in six different lateral locations.  Four screen 
shots taken from movies are shown in (b) and labeled from (i) to (iv) corresponding to 48, 
96, 102 and 150 𝒎𝒔, respectively.  (i) is before. (ii) and (iii) are during, and (iv) is after 
action potential propagation.  Vertical bar on the right of (b) is in ‘hot’ scale from 0 𝒏𝒎 to 
10 𝒏𝒎.  Action potential is shown in (a) with four vertical lines corresponding to the four 
aforementioned time values.	 	
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(a) 

	
(b) 

	 	

(c)  

	

	

	

	
 
Figure 5.9 Temporal and spatial images of response traces.  (a) Action potential versus time. 
(b) ∆𝑷 versus time in six different sites on same cross-section in pike olfactory nerve with 
DC values added on for clarification purpose.  (c) 2-D cross-sectional responses at four 
different times of 48, 96, 102 and 150 𝒎𝒔.  Colored dots correspond to the colored versus 
time graphs in (b). 
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5.4 Discussion 

	 Both backscattered light intensity and optical path difference have been demonstrated in 

Chapter 4 using M-mode depth-localization OCT to be capable of tracking neural activities in 

pike olfactory nerve, especially stained with PGH6. Furthermore, the intensity change was found 

to be less significant than phase change during action potential propagation. In this Chapter of 

using PMF SD-OCT for cross-section imaging of transient changes during neural activity, the 

intensity change was also found to be less significant than phase change during action potential 

propagation. It is believed that due to the limited time frames (30 in 180 𝑚𝑠) in each trial, the 

noise/artifacts outweighed the intensity signal. Faster data acquisition can improve the number of 

cross-sections during the activity and application of denoising techniques may allow capturing 

useful traces of intensity change.   

The detection of action potential of unstained pike olfactory nerve in cross-sectional scan 

was not significant enough to draw convincing conclusions in comparison to stained nerves. This 

could be due to limited number of nerves used in each category. 

In 2-D cross-sectional imaging using PMF SD-OCT, certain patterns of action potential 

propagation were seen in the movies with 30 frames at 5 frames per seconds. These patterns 

characterizing the action potential propagation are important for further development of 

neurological research. 

5.5 Conclusion 

 In this Chapter, the use of 2-D cross-section OCT functional imaging on a pike olfactory 

nerve stained with PGH6 dye was demonstrated.  The changes in optical path difference with 

proper signal processing are significant during action potential propagation.   The change in 

optical path difference is about 5 to 15 𝑛𝑚.  ∆𝑃 responses in different sites on the cross-sectional 
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images are investigated.  High spatiotemporal resolution movies with 5 fps have been made.  

Patterns of ∆𝑃 response are observed in the movies. 

CHAPTER 6 SUMMARY AND FUTURE DIRECTIONS 

 Optical coherence tomography (OCT) has been developed rapidly for advanced 

applications, such as neural activity detection. The use of light to probe neural activity yields 

outstanding resolution and simultaneous measurements from a range of targeted locations without 

physical contact with tissue. The objective of this thesis was to investigate the feasibility of 

utilizing polarization-maintaining fiber-based OCT functional imaging to monitor the dynamic 

neural activity. 

The scope of this thesis was to analyze two existing datasets of OCT images on samples of 

olfactory nerves of freshly sacrificed northern pikes.  One dataset was obtained using the dual-

wavelength polarization-sensitive spectral-domain OCT system designed and constructed in 

house for neural activity detection.  The second dataset was obtained from a polarization-

maintaining fiber-based (PMF) OCT system for 2-D cross-sectional imaging of transient changes 

during neural activity. 

The fundamentals and development of OCT were reviewed and reported in Chapters 2 and 

3.  Five fundamental quantities crucial for evaluation and design of 3-D optical setup as well as 

interpretation of subsequent images were studied. They are resolution (both lateral and axial), 

depth of field (DoF), signal to noise ratio (SNR), sensitivity, and phase noise.  

 Two existing datasets of OCT images on samples of pike olfactory nerves of freshly 

sacrificed northern pikes were analyzed.  One dataset was obtained using the dual-wavelength 

polarization-sensitive spectral-domain OCT system designed and constructed in house for neural 

activity detection.  In this system, as described in Chapter 4, one light source is a 5 mW 

broadband near-infrared superluminescent diode with a full width at half maximum (FWHM) 
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band of 8.9 nm centered at 687 nm wavelength.  A second light source is a 25 mW broadband 

near-infrared superluminescent diode with a full width at half maximum (FWHM) band of 50 nm 

centered at 840 nm wavelength. 

 The results demonstrate that dynamic phase and intensity changes were detected during 

action potential propagation (but not detected before or after) on samples obtained from pike 

olfactory nerves with and without voltage-sensitive dye.  The detrending and bulk motion 

correction methods were effective to stabilize the optical path length difference response as well 

as the intensity response.  The transient changes of path length difference (∆𝑃) and intensity 

detected by depth-localization were consistent and highly correlated to transient neural activity. 

Therefore, they are reliable indicators of transient neural activity. 

The second dataset was obtained from a polarization-maintaining fiber-based (PMF) 

OCT system for 2-D cross-sectional imaging of transient changes during neural activity. This 

system, as described in Chapter 5, was extended from the aforementioned dual-wavelength 

polarization-sensitive spectral-domain OCT system. 

For 2-D imaging, a reference line at a certain (glass surface) depth was extracted instead 

of a reference pixel.  Each 2-D image consisted of its own reference line for subtraction in order 

to minimize artifacts.  This step is different to its 1-D counterpart.  The results revealed that ∆𝑃 

was detected in the 2-D images during action potential propagation, but not before and after the 

propagation.  Thus, the results clearly demonstrated that the PMF OCT system and the signal 

processing pipeline are capable of acquiring and constructing 2-D cross-sectional images of 

dynamic neural activity. 

 The intensity change was found to be less significant than phase change during action 

potential propagation in both depth-localization OCT functional imaging (Chapter 4) and cross-

section PMF SD-OCT functional imaging (Chapter 5). It is suspected that due to the limited time 

frames (30 in 180 ms) in each trial, the noise/artifacts outweighed the intensity signal. Faster data 
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acquisition is, therefore, suggested and recommended for improving the number of frames in 

order to appy denoising techniques to capture traces of intensity change during action potential.  

It would be desirable to obtain 3-D images. These 3-D images can be presented on the 

screen and viewed at various angles. Cross-sectional 2-D images can be selected at various 

inclinations. Computer enhanced 3-D animation videos can be further developed from the 3-D 

images. The acquisition of functional information for 3-D images requires further development 

on the optical setup and implementation of fast and stable beam steering components.  However, 

the major challenge is the fact that the action potentials are fast signals and acquiring from an 

entire volume repeatedly during action potential is problematic. Therefore, a better approach 

would be acquiring from selected A-lines that are the locations of interest. 
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