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Optical Coherence Tomography (OCT) is a relatively novel imaging technique that 

has found many applications in medicine, e.g. in ophthalmology and cardiology, and its 

potential application is being studied in various medical disciplines, e.g. in dentistry, 

dermatology, urology and developmental biology. The strength of OCT is its capability to 

perform non-invasive, high resolution imaging of tissue structures, with resolutions 

ranging from 1 – 20 µm. The cross-sectional and 3-dimensional OCT images provide 

valuable information of the tissue under study, e.g. the retina or the vascular wall. 

Furthermore, sophisticated analysis of the OCT signals allows the extraction of 

morphological and physiological information from the tissue.  The major weaknesses of 

OCT are its limitations in imaging depth and in intrinsic tissue contrast, which hamper the 

progress of OCT into an optical biopsy method [1]. Both limitations are largely influenced 

by the wavelength dependent optical properties of the tissue under study. In this thesis, 

we investigated the fundamental limitations of the OCT imaging depth and demonstrated 

improvement for specific tissues by increasing the OCT center wavelength further into the 

near-infrared (Chapters 2 and 3). Next, by precise analysis of the OCT signal in relation to 

the backscattering properties of the tissue, the potential of obtaining more functional 

information from the OCT signal was explored (Chapters 4 and 5). Finally, we studied 

swept laser performance and possibilities to optimize it (Chapter 6). 

OCT IMAGING DEPTH 

One of the current limitations of OCT is its shallow imaging depth which is 

determined by the technical characteristics of the OCT system and by the optical 

properties of biological tissues (Equation 3-1). Although the optical properties of 

biological tissues in some cases can be influenced, for example by optical clearing [2, 3], in 

general the focus is on improving the technical characteristics of the OCT system. The OCT 

imaging depth can be improved by optimizing the signal to noise ratio, the coherence 

length, and the numerical aperture of the sample arm optics (which is incorporated in 

pNA). However, due to tissue light exposure limits, OCT performance improvement is 

limited. However, the tissue optical properties change with wavelength, and the optimal 

central wavelength for the OCT system can be chosen to improve the OCT imaging depth.  

The OCT imaging depth depends on the sample properties through two 

parameters: the light penetration depth and the light backscattering coefficient (Chapter 

3). These two parameters both are related to the scattering coefficient of the tissue. 

Consequently, a change in the scattering coefficient leads to a change in the light 

penetration depth and in backscattering. For example, if the scattering coefficient is 

higher, then the light penetration depth is lower. However, a higher scattering coefficient 

also results in a higher backscattering (for the same scattering phase function).  

Consequently, a decrease of the scattering coefficient at longer wavelengths does not 

necessarily leads to the improvement in the OCT imaging depth. In addition, the 
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absorption coefficient is also wavelength dependent. To achieve optimal OCT 

performance, all these effects need to be analyzed.  

We analyzed the wavelength dependent changes of the light penetration depth in 

the spectral range of 1000 – 2000 nm (Chapter 2). Due to a lack of reported optical 

properties of biological tissues in the NIR wavelength region, we used an empirical model 

(Equation 2-2) to describe the wavelength-dependent changes of the scattering 

coefficient [4]. This model, which is based on the scattering power parameter SP, 

characterizes the changes in the scattering with wavelength very well. An advantage of 

this method is that the SP can be calculated based on values of the scattering coefficients 

at a few wavelengths only, which does not necessarily need to be in the spectral range of 

the interest. We performed light transmission measurements with different 

concentrations of Intralipid and found good agreement with predictions (Fig. 2-4). 

The SP parameter for Intralipid was determined with two independent methods: 

light transmission measurements (Chapter 2) and OCT measurements (Chapter 3). The 

obtained results are in good agreement: 3.0 ± 0.3 (transmission) and 2.8 ± 0.1 (OCT). In 

comparison with reported by van Staveren value of SP = 2.4 [4], our results are higher. 

This difference can be explained by the difference in the particle size distribution of 

Intralipid (Figure 4-3), which may be due to different producers and (probably) difference 

in the manufacturing technology of Intralipid. The optical properties of fat emulsions of 

different brands are reported to be not the same [5], which supports our explanation. 

We calculated the NIR light penetration depths for three kinds of biological 

tissues: sclera, enamel and dentin. The optical properties of these tissues in terms of 

absorption coefficient and scattering coefficient are highly different. Our analysis shows 

that improvement in the light penetration depth can be achieved in tissues characterized 

by a high SP parameter values and low water content. A high SP indicates that a 

significant reduction of the scattering coefficient can be achieved by shifting to longer 

wavelengths. For tissues with a low water content, the relatively low light absorption by 

water in the 1600 nm to 1800 nm spectral region results in a low attenuation coefficient 

in this spectral range and thus an improvement of the light penetration depth. Our 

analysis shows that for some biological tissues the improvement in the light penetration 

depth can be very significant, i.e. 50% for sclera and 80% for enamel (at 1600 nm relative 

to 1300 nm), which demonstrate the high potential of the 1600 – 1800 nm spectral range 

for OCT imaging.  

To compare and quantify changes in the OCT imaging depth in tissue at 1300 and 

1600 nm, we built an OCT setup that can operate with matching technical performance at 

two wavelengths (Chapter 3). Measurements on high Intralipid concentrations Intralipid 

demonstrate that at 1600 nm we can achieve a 30 % increase of the OCT imaging depth 

compared to 1300 nm. This increase is mainly attributed to a reduced scattering 

coefficient at 1600 nm compared to 1300 nm (Figure 3-3), i.e. lower scattering leads to 



Discussion and conclusions 

91 
 

higher light penetration depth. However, if we compare the changes in the light 

penetration depth only (transmission measurements, Chapter 2), we see that for high 

Intralipid concentrations the light penetration depth at 1600 nm is more than 50% better 

than at 1300 nm (Figure 2-5). This comparison clearly demonstrates that the light 

backscattering coefficient has a strong influence on the OCT imaging depth.  

The backscattering coefficient determines the magnitude of the OCT signal at the 

surface of the sample, and the attenuation coefficient determines the decay of the OCT 

signal with depth. Obviously, higher backscattering and lower attenuation lead to a higher 

OCT imaging depth. However, since the backscattering coefficient is the product of the 

scattering coefficient and the scattering phase function in the backward direction, a 

change in the scattering coefficient may in practice be compensated or enhanced by a 

change in the scattering phase function. This is demonstrated by our Intralipid 

measurements, where, despite the lower scattering coefficient at 1600 nm, the 

backscattering coefficients at 1300 nm and 1600 nm are approximately equal (Figure 3-2). 

This indicates that the lower scattering at 1600 nm is compensated by a larger value of 

the scattering phase function in the backward direction. Given the same backscattering 

coefficient, the difference in the OCT imaging depth is mainly determined by the 

difference in the attenuation coefficient. Because of the higher water absorption at 1600 

nm, the OCT imaging depth for low concentrations of Intralipid is larger at 1300 nm. With 

increasing Intralipid concentration, scattering starts to dominate over absorption. 

Consequently, for high Intralipid concentrations, OCT with 1600 nm light has a larger OCT 

imaging depth than 1300 nm.  

MEASUREMENTS OF OPTICAL PROPERTIES OF BIOLOGICAL TISSUES 

Through the interaction with tissue, properties of light, such as intensity, 

polarization state and frequency are changed. These changes, which are determined by 

the optical properties of the tissue, can be related to functional tissue parameters. With 

‘functional’ we mean medically relevant information about the condition of the tissue and 

the processes occurring within the tissue. Consequently, quantitative measurement of 

optical properties can be used for diagnosis and treatment monitoring [6, 7].   

Besides investigating the OCT signal in depth (Chapter 3), we also looked at the 

OCT signal at the sample surface, which is characterized by the backscattering coefficient. 

From an OCT measurement of the scattering coefficient and a measurement of the height 

of the OCT signal at the surface of the scattering medium, we demonstrated in Chapter 4 

that we could measure the scattering phase function in the backward direction. Because 

the scattering phase function is determined by the size and shape of the scattering 

particles, knowledge of the scattering phase function in the backward direction can 

provide valuable information about the microscopic morphology of biological samples. 

Consequently, physiological processes, which involve changes in the scatterers in tissue, 

may be detected by OCT.  
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Our measurements demonstrated that by analysis of the backscatter efficiency of 

mono-disperse solutions of polystyrene beads, the scattering phase function (in the 

backward direction) can be related to the particle diameter. Next, we demonstrated that 

the procedure also can be applied to mixtures of scatterers with different sizes, e.g. 

Intralipid, resulting in an optically determined average particle diameter. This average 

diameter is larger than the physical average diameter, but the optically weighted value of 

the scattering anisotropy g is the only relevant parameter. Indeed, the experimental value 

we obtain for Intralipid (g = 0.35 ± 0.03) is in good agreement with the value obtained 

using diffuse reflection spectroscopy (g = 0.32 ± 0.07). For our measurement setup 

operating at a wavelength of 1300 nm, the maximum particle diameter which can be 

determined from pNA measurements is approximately 500 nm (corresponding to g = 0.5). 

For larger diameters the oscillations of pNA with wavelength result in non-unique solutions 

for the particle diameter. This limits the applicability range of our algorithm, but as our 

method is mainly focused on media with low g that are described by the single scattering 

model, it complements existing models for OCT that are based on multiple scattering and 

that enable the extraction of  g > 0.8 [8].  

An interesting application of the results presented in Chapter 4 is the 

determination of optical properties of a thin layer of sample or tissue (thickness roughly 

less than 5 coherence lengths). Due to the convolution of the backscatter profile of the 

sample with the complex coherence function (Equation 4-1), only a small region of the 

OCT signal in depth is useful for fitting, which may hamper a precise determination of the 

attenuation coefficient in thin samples. We demonstrated in Chapter 5 that a priori 

knowledge of the scattering phase function of the scatterers in the sample (the scattering 

phase function first was determined on bulk samples) permits the calculation of the 

scattering coefficient for very thin samples without fitting the decay of the OCT signal in 

depth. Further research is needed to investigate the difference in the scattering phase 

function for different tissue types, and the variation from sample to sample for the same 

tissue types.     

Quantitative measurements of the scattering phase function would be ideal. In 

practise, characteristic parameters as the scattering anisotropy g, and quantitative 

relative measurements of the backscattering coefficient provide valuable information 

about changes in the tissue morphology. In contrast to absolute measurements, relative 

measurements are not limited to small sized scatterers and yield valuable results for large 

scatterers as well. As an example, changes in the backscattering coefficient due to 

changes in the size of the scattering structures in the cell, e.g. the nuclei and 

mitochondria, can be detected, which can be a potential marker suitable for early stage 

cancer detection [9-11]. Another example is the in-vitro detection of apoptosis induced 

changes in cell morphology, which we demonstrated with RPE cells in Chapter 5. 

Apoptosis induced in a single layer of RPE cells is accompanied with an increase in the 

backscattering during the development of apoptosis. Previous studies showed that the 
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development of apoptosis leads to an increase of the attenuation coefficient [12]. Our 

results may give additional information about the biological processes in cells during the 

development of apoptosis, however more research is needed to validate these 

experiments and bring this technique to (pre-)clinical practice.  

Finally, OCT systems in the wavelength region of 1400 – 2000 nm may be used for 

the quantitative measurement of the water content of biological tissues, an important 

functional tissue parameter. Measurement of changes in the hydration state of the 

biological tissues can be used as diagnostic tool in medicine or in cosmetics [13]. The 

advantage of water content measurements with OCT is the possibility of extracting 

spatially resolved spectroscopic information simultaneously with the generation of high 

resolution images, which can extend the range of biomedical applications of OCT. To 

determine the water volume fraction in tissue, OCT measurements at two wavelengths 

with a relatively large difference in the absorption coefficient of water are necessary (a 

so-called differential absorption technique) [14]. The spectral range of 1400 – 2000 nm is 

suitable for this kind of measurements due to the large variation of the light absorption 

by water over this spectral range.   

MULTIPLE AND DEPENDENT SCATTERING 

Calculations of the scattering coefficient in our optical transmission (Chapter 2) 

and OCT experiments (Chapter 3) are based on ballistic light. In the simplest model, the 

amount of light measured on the detector is described by the fraction of non-scattered 

(ballistic) light in depth. For OCT, the detected light experiences a single backscattering 

event, and the theoretical description is generally called the single scattering 

approximation (although single back-scattering would be more appropriate). In our 

experiments, for low Intralipid concentrations the scattering coefficient increases linearly 

with concentration, which is expected for low-density media. However, for 

concentrations of approximately 5 % and higher, a deviation from the linear dependence 

is observed (see Fig. 2-3 and Fig. 3-3). Such a deviation is observed for both light 

transmission and OCT measurements, and can be explained by the presence of multiple 

and dependent scattering effects.  

Multiple scattering manifests itself by an increase of the detected signal compared 

to a measurement in the single backscattering regime (OCT) or to a measurement in the 

ballistic regime (optical transmission). Although the long distance between the sample 

and the detector for transmission measurements, and the combination of coherent and 

confocal gates for OCT measurements suppresses the detection of scattered light 

(transmission measurements) and multiple scattered light (OCT measurements), their 

contribution may still be present in the detected light. With increasing scattering 

coefficient, the amount of multiple scattered light also increases, and the influence of the 

multiple scattering on the detected signal becomes stronger. In addition to multiple 

scattering, also the distance between scatterers has a strong influence on the detected 
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signal. For large distances (much larger than the wavelength),  the scattering coefficient 

can be described by the independent scattering model, i.e. the light scattering from the 

ensemble of scatterers is the sum of the scattering of individual scatterers. For small 

inter-particle distances, i.e. distances comparable with the wavelength, the electric fields 

scatterered from multiple particles interact coherently. This so-called concentration 

dependent scattering is generally present in high concentration samples and leads to a 

reduction of the scattering coefficient [15]. 

Although dependent and multiple scattering both influence the measured 

attenuation, we hypothesize that their contributions can still be separated using OCT 

measurements. The contribution of multiple scattered light to the OCT signal increases 

with depth (especially for tissues with larger g values) [16]. On the other hand, for a 

distance of a few coherence lengths from the surface of the sample, multiple scattering 

effects are negligible. Consequently, the non-linear dependence of the backscattered 

power from the surface of the sample with increasing Intralipid concentration is only due 

to dependent scattering. In other words, at zero depth only dependent scattering is 

present, whereas at larger depths – both dependent and multiple scattering are present. 

Figure 7-1 shows a comparison of the changes of the measured scattering 

coefficient µs and the square of the OCT signal amplitude at zero depth |aOCT|
2 (which is 

proportional to backscattered power) for varying Intralipid concentrations. Please note 

that although |aOCT|
2 is not affected by multiple scattering, |aOCT|

2 deviates from the 

expected linear relation (as depicted by the dashed line), which indicates the effect of 

dependent scattering to the OCT signal at high concentrations of Intralipid.  

 

Figure 7-1. Comparison of concentration dependent changes of the scattering coefficient µs and square of the OCT 
signal amplitude at zero depth (|aOCT|2) for varying Intralipid concentration. 
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Furthermore, the deviation from the linear dependence occurs at lower Intralipid 

concentrations for the measured scattering coefficient than for the square of the OCT 

signal amplitude, which means that the non-linear behaviour of the measured 

attenuation coefficient is affected by both multiple and dependent scattering. A 

comparison of the relation between |aOCT|
2 and µs may be used for analysis of 

contribution of dependent and multiple scattering effects to the OCT measurements of 

µs. In addition, the effect of dependent scattering on the scattering phase function (and 

the scattering anisotropy g) still has to be taken into account to come to a final 

conclusion.  

Due to the broad particle size distribution in Intralipid, measurements with 

monodisperse polystyrene microspheres can give more quantitative information about 

the effects of size and concentration of scatterers on dependent and multiple scattering. 

In the next section we propose a model to describe the effect of dependent scattering on 

the measured scattering coefficient.   

DEPENDENT SCATTERING FORMALISM 

In the theoretical approaches in this thesis, tissue is modelled as a collection of 

non-interacting spheres because for such a system the optical properties can be 

calculated using e.g. Mie theory. This model implies that the absorption and scattering 

coefficients increase linearly with particle concentration [17]. In reality, biological tissues 

are highly heterogeneous condensed media, whose optical properties are difficult to 

model. Indeed, real tissue is certainly not a dilute suspension of independently scattering 

spheres. This gap between theory and reality is partly bridged by using Intralipid as a 

tissue simulating phantom: it is well known that the optical properties of Intralipid 

resemble those of tissue [18] and that at least dilute suspensions are adequately 

described by Mie theory, integrated over the size distribution of  Intralipid [4], see also 

Chapter 4. Nevertheless, as in real tissue, when the suspension becomes denser, the 

positions of the individual particles become correlated (even though their placement 

remains random). This implies that the scattering phase function of the suspension is no 

longer equal to the weighted average of the scattering phase function of the Intralipid 

particles because now interference effects need to be considered. As is commonly done 

in statistical physics  [19] we introduce a structure factor S(θ) that accounts for these 

correlations. Where the (back-)scattering coefficient is obtained in the independent 

regime by integrating the phase function p(θ) over the detection NA, or 4 respectively, 

in the dependent regime the product of p(θ) and S(θ) is integrated, see [20] and [21] for 

details. Nevertheless, obtaining the structure factor for tissues is not a trivial task. In the 

present context of Intralipid, we use the previously determined averaged optical radius of 

233 nm (Chapter 4) to calculate the concentration-dependent structure factor for spheres 

in the Percus-Yevick approximation [22].  
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An analytically more insightful approach can be taken from the results of Twersky 

[23] that describes the dependent scattering coefficient in terms of the independent 

scattering coefficient by introducing a pack-factor w: µs,dep = µs · w. For spheres, w reads:  

  
      

       
 (7-1) 

This formalism was applied with some success to ultrasonic backscattering from blood 

[24].  

 

Figure 7-2. The scattering coefficient of Intralipid at 1300 nm: experimental results (light transmission and OCT 
measurements) and theoretical predictions (Mie, Twersky and Percus-Yevick models calculations). 

We applied both approaches to our measurements on Intralipid at 1300 nm, as 

shown in Figure 7-2. As can be seen, the Percus-Yevick approximation matches light 

transmission measurements of µs of Intralipid very well. The OCT results yield lower 

values, which probably can be explained by additional influence of the multiple 

scattering, which is negligible for transmission measurements. Twersky’s approximation is 

accurate only for low concentrations of Intralipid. These results suggest that the Percus-

Yevick model can provide an accurate description of dependent scattering effects during 

measurements of optical properties of samples with high concentration of scatterers.  

SWEPT SOURCE OCT DEVELOPMENT 

Besides the determination of tissue optical properties, the technical development 

of OCT systems is of great importance. In this thesis we demonstrated a wavelength 

swept laser based on CW Ti:Sapphire laser (Chapter 6). Swept lasers operating in the 

spectral range of 800 nm can find many applications in medicine, e.g. for the imaging of 

the posterior segment of the human eye. Sweeping was achieved by implementation of 
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an acousto-optical tunable filter (AOTF) in the laser cavity. Swept laser characteristics 

relevant for OCT are: instantaneous linewidth, spectral tuning range and the sweeping 

frequency. The instantaneous linewidth is in general a characteristic of the tunable filter 

and should be properly chosen during the design of the swept laser. Two other 

parameters, the spectral tuning range and the sweeping frequency, can be adjusted by 

changing the electronic drive signal. For our Ti-Sapphire swept laser we demonstrated 

that these two parameters depend on each other, i.e. a higher sweeping frequency leads 

to a narrower tuning range and vice versa. For 8 kHz sweeping frequency the tuning range 

is 10 nm, and for 450 Hz – 185 nm. We attributed this phenomenon to the fact that a 

certain time is necessary to build up lasing in the laser cavity, i.e. the light has to pass 

many times through the gain medium to be amplified above the lasing threshold 

(approximately 250 times). This relation between tuning speed and the product of the 

spectral width and the sweeping frequency is a disadvantage for the use of the Ti-

Sapphire lasers for SS-OCT, which requires a high sweeping rate over a broad spectral 

range.  

In general, tunable filters induce wavelength dependent optical losses in the laser 

cavity, which change the laser dynamics. If the wavelength is scanned too fast, i.e. the 

time that light with a certain wavelength can pass through the filter is not enough to 

complete necessary number of cavity round-trips, then lasing does not start. New 

developments on Fourier-Domain Mode Locking (FDML) have demonstrated that these 

limitations currently can be overcome [25]. Also, the swept-laser performance can be 

improved by using a lasing medium with a higher gain, which reduces the number of 

necessary round-trips, or to build shorter laser cavity to reduce the time necessary for 

one cavity round-trip. Additionally, the possibility of electronic tuning gives the 

opportunity to optimise the laser output for OCT imaging (control over the shape of the 

spectrum, linear tuning in the k-space to eliminate the data resampling).  

Although AOTF’s have disadvantages (the induced RF shift with each round trip, 

limited tuning speed), use of an AOTF for the swept operation of the light source is being 

actively investigated [26]. Furthermore, alternative ways to increase the sweeping 

frequency exist. For example, an optical parametric oscillator (OPO) pumped with our 

swept Ti:Sapphire laser, and periodically poled lithium niobate crystal as nonlinear 

medium for wavelength conversion, is one of the possibilities [27, 28]. We estimated that 

5 nm tuning bandwidth around 800 nm for swept Ti:Sapphire laser can give an OPO 

sweep output from 1600 nm to 1800 nm. In such a way, a swept light source with 

sweeping frequency above 10 kHz and tuning range of approximately 200 nm (1600 – 

1800 nm) can be created.  

An important issue in OCT development is system miniaturization. Compact and 

low cost OCT systems can increase the accessibility of OCT technology and lead to 

creation of new applications. The integration of optical devices on semiconductor 
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material received significant attention in the last decades. Different integration 

approaches and different material systems were demonstrated. For SD-OCT systems a 

chip-based arrayed-waveguide grating (AWG) spectrometer was demonstrated in OCT 

imaging [29].  

Recently, development of integrated tunable quantum-dot laser in the 1700 nm 

wavelength region (1685 – 1745 nm) was reported [30]. For wavelength tuning, an 

electro-optical tunable filter based on an AWG with electro-optically tunable phase 

modulators in the arms of the AWG was used. Interferometric imaging of this integrated 

swept-source was demonstrated with an open air Michelson interferometer coupled to 

the swept source. 

 

 

 

An OCT image of a glass plate obtained with this system is presented in Figure 7-3. Full 

Integration of a swept laser and an interferometer on a single chip is challenging, but a 

very interesting approach for the further development of OCT systems.    

CONCLUDING REMARKS   

The work presented in this thesis covers a range of issues encountered in current 

development of OCT technology. We investigated the possibilities to improve OCT 

performance (long wavelengths OCT, swept source development), and to extract more 

information about optical properties of the scattering samples (determination of 

scattering anisotropy parameter, measurements of the scattering properties of thin 

samples). The results we obtained demonstrate advances in these areas and raise new 

questions for further research. Many aspects of light-tissue interaction and technical 

performance of OCT systems need to be investigated to realize the full potential of OCT 

and bring it to clinical practice.     

 

 

 

Figure 7-3. Left: photograph of the integrated tunable quantum-dot laser for OCT in the 1.7 um wavelength region 

(size 10x6 mm); Right: OCT image of the glass plate obtained with this laser. 
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