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Measurements of the optical properties of thin samples are a challenging task. 

Determination of the attenuation coefficient from the OCT measurements involves fitting 

the OCT signal in depth, something that is not possible for very thin samples. In this work 

we show that, with knowledge of the scattering phase function, absolute measurements 

of the attenuation coefficient of thin samples are possible. We demonstrate this for 

measurements on thin Intralipid samples and silicon based TiO2 tissue phantoms. 

Furthermore, if the information about the scattering phase function is unknown, the 

monitoring of the relative changes in the backscattering can give insight in the dynamics 

of biochemical processes. Measurements of backscattering changes during induced cell 

death in a single layer of the retinal pigment epithelium cells are presented.  
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1. INTRODUCTION 

Optical coherence tomography (OCT) is an imaging technique that can make high 

resolution images up to 1-2 mm in depth. Besides imaging, OCT can measure optical 

properties of the biological tissues, e.g. attenuation and scattering coefficients. A typical 

method for the determination of the attenuation coefficient is the fitting of a model 

describing the OCT signal to the detected OCT signal within a region of interest (ROI) [1]. 

However, most of the biological tissues have layered structure and the thickness of layers 

sometimes is very small, which makes the fitting procedure not always possible. For 

example, epithelial tissue layers with thicknesses down to 10 µm have a thickness in the 

order of the axial resolution and, generally speaking, the ROI should be at least 5 times 

the axial resolution for a proper fit. At the same time, access to the optical properties of 

these thin layers is necessary for early diagnosis of diseases. For example, most cancers 

originate from the epithelial tissue layers and the detection of changes in the optical 

properties of these layers can be a valuable diagnostic tool [2].  

In this work, we propose methods to determine the optical properties of thin 

tissue layers. First, we show absolute measurements of the scattering coefficient of thin 

phantoms. Then, monitoring of relative changes in the backscattering in the single cell 

layer is demonstrated.  

2. OCT MEASUREMENTS OF THE ATTENUATION COEFFICIENT OF THIN SAMPLES 

To access the optical properties of thin layers, we propose a method based on the 

analysis of the light backscattering from the layer. The OCT signal strength depends on 

the scattering coefficient and the scattering phase function of a sample. In the single 

scattering model the square of the OCT detector current id(z) as a function of the depth z 

can be described as proportional to the light power P(z) backscattered from the depth z:  

       zzhlPzPzi tbcd  2exp~ 0

2
  (5-1) 

where P0 is the incident light power, lc is the coherence length of the light source, µb is 

the backscattering coefficient, h(z) is the confocal point spread function, and µt is the 

attenuation coefficient of a sample. The backscattering coefficient µb is the product of the 

scattering coefficient µs and the scattering phase function of the sample p(θ) and for the 

OCT geometry is described as: 

    NAs

NA

sb pdp    sin2  (5-2) 

where pNA is the scattering phase function integrated over numerical aperture NA of the 

OCT sample arm. 

If specular reflections from the sample boundary are avoided,  assuming that         

lc << 1/µt, and the focus position is at lc/2, then the OCT signal is maximal at the depth          
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z ~ lc/2. For this depth the coherence volume is filled by scatterers and the light 

attenuation is negligible. Based on the OCT signal at this depth, the scattering coefficient 

of the sample can be calculated from Equations 5-1 and 5-2 as:  
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Because of the short coherence length of the typical OCT system, we can assume that 

z=lc/2≈0 and Equation 5-3 can be simplified to the form: 

NAc
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P
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)0(
  (5-4) 

The light power backscattered from the zero depth P(0) is proportional to the square of 

the OCT signal amplitude at the zero depth and can be calculated if the OCT system is 

calibrated prior to the measurements [3]. An unknown parameter in Equation 5-4 is pNA. 

However, whereas µs depends on the size of scatterers and concentration of the 

scatterers, pNA depends primarily on the size of scatterers. This means that if the size of 

scatterers is known a priori, the pNA can be determined and used for measurements of µs. 

To demonstrate the feasibility of such measurements, we performed OCT 

measurements with tissue phantoms. For our study we utilized a home-built time-domain 

OCT system, which is described in detail in Ref. [4]. In summary, light from a Fianium light 

source was filtered to obtain a spectrum centered at 1300 nm, which was coupled into a 

fixed focus OCT setup. The axial resolution of this system was 10 µm, and signal to noise 

ratio was 90 dB. 

For OCT measurements liquid tissue phantoms with Intralipid as a scattering 

medium were prepared. To calculate pNA, the sample was made thick enough to perform 

the fitting procedure for the determination of the attenuation coefficient. pNA of Intralipid 

was measured in a 1 mm glass cuvette. The cuvette was filled with Intralipid and placed in 

the sample arm of the OCT setup with a focus at the front glass-Intralipid interface. 

Measurements were performed at different concentrations of Intralipid (0.7, 1.4, 2.8 

vol.%). An exponential fit was applied to the OCT signal to determine the attenuation 

coefficient. The amplitude of the OCT signal at zero depth, i.e. front glass-Intralipid 

boundary, was used to calculate the backscattered power P(0) (see Chapter 4). Finally, 

using Equation 5-4, the constant M = P0lcpNA of Intralipid was calculated. All 

measurements were performed with the same OCT setup, and P0 and lc were the same 

for all measurements. pNA characterizes the size of scatterers, what means that changes in 

the concentration of scatterers has no effect on pNA . This is valid for low concentrations 

of scatterers, where dependent scattering effects are negligible. For this experiment, only 

measurements with low concentrations of Intralipid (0.7 %, 1.4 %, 2.8 %) were made. 
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Figure 5-1. OCT measurements with thin layers of Intralipid. Measurements were performed with 1.4 vol.% (black line) 
and 2.8 vol.% (red line) Intralipid. 

Next, thin tissue phantoms based on Intralipid were prepared. A few drops of 

Intralipid were deposited on a microscope glass slide and covered by another glass slide 

with one layer of scotch tape at both sides as a spacer. As a result, we obtained a thin 

layer of Intralipid with a thickness of approximately 50 µm. Phantoms were prepared with 

1.4 vol.% and 2.8 vol.% Intralipid.  Figure 5-1 shows the acquired OCT signals for these 

samples. The value of the OCT signal amplitude at zero depth was obtained using the 

average of the OCT signal starting at the peak signal to 20 µm depth was taken. From the 

amplitude of the OCT signal we determined the light backscattered power from zero 

depth P(0). Finally, P(0) was divided by the already known constant M to determine the 

scattering coefficient µs of the thin phantoms. Then we compared values of the scattering 

coefficient with results of the measurements with the cuvette filled with Intralipid. For 1.4 

vol.% Intralipid the scattering coefficient of thick phantom was 0.56 ± 0.04 mm-1, and for 

thin phantom 0.61 ± 0.05 mm-1. For 2.8 vol.% Intralipid the scattering coefficient was 1.33 

± 0.24 mm-1 for thick phantom and 1.13 ± 0.25 mm-1 for thin the phantom. As can be 

seen, the results for each concentration are in good agreement. 

To test our method with solid phantoms, silicone based tissue phantoms with TiO2 

as scatterers were made. The procedure of the phantom preparation is described in detail 

in Ref. [5]. First, we measured thick phantoms of different concentrations to determine M 

of TiO2 in silicone. Measurements were performed with 0.2 wt.%, 0.3 wt.%, and 0.4 wt.% 

TiO2 phantoms. In the same way as for Intralipid, the scattering coefficient and constant 

M were determined. Then we measured µs of a 50 µm thick sample with 0.2 wt.% TiO2 

concentration. Figure 5-2(a) shows the OCT signal for these samples and it can be seen 

that application of the fitting procedure in this case is impossible. With our method the 

scattering coefficient determined for the thin phantom was µs = 1.75 ± 0.45 mm-1, which 

is close to the scattering coefficient obtained from measurements with thick 0.2 wt.% 

TiO2 concentration phantom (1.52 ± 0.44 mm-1). 
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Table 5-1. Results of the experimental measurements of the scattering coefficient. 

Scattering 
phantom 

Concentration of 
scatterers 

Thick phantom 
µs [mm-1] 

Thin phantom 
µs [mm-1] 

Intralipid 
1.4 vol.% 0.56±0.04 0.61±0.05 

2.8 vol.% 1.33±0.24 1.13±0.25 

TiO2 in silicone 
0.2 wt.% 1.52±0.44 1.75±0.45 

0.2 wt.% ( two layers) 1.52±0.44 1.68±0.45 

 

Measurements with single layer thin phantoms demonstrated that with the 

proposed method we can determine the scattering coefficient of thin layers. For a two-

layered phantom, with a thin layer of 0.2 wt.% TiO2 on top of a thick layer of 0.4 wt.% 

TiO2, the configuration does not differ from the single layer situation (light is incident 

directly on the thin layer). Figure 5-2(b) shows the OCT signal for this two-layered tissue 

phantom. As can be seen, the OCT signal from the top layer is lower than from the 

underlying layer. Because the scattering phase function is the same for both layers, the 

difference in the backscattering is due to the difference in the scattering coefficient. We 

applied again our algorithm and calculated the scattering coefficient of the thin layer to 

be µs = 1.68 ± 0.45 mm-1, again comparable to the expected 1.52 ± 0.44   mm-1. Obtained 

results are summarized in Table 5-1. 

 

 

 

 

 

 

 

a) b) 

Figure 5-2. OCT measurements with solid TiO2 phantoms: a) thin layer of   0.2 % TiO2; b) thin layer of  0.2 % 
TiO2 phantom on the top of a thick  0.4 % TiO2 phantom. 
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3. OCT MEASUREMENTS OF CHANGES IN THE BACKSCATTERING OF A SINGLE LAYER OF 

RETINAL PIGMENT EPITHELIUM CELLS 

Cells in biological tissues die through the processes of necrosis and apoptosis. 

Whereas necrosis (or degenerative cell death) is a process induced by external factors 

such as trauma or infection, apoptosis (or programmed cell death) is a regulated cellular 

process allowing for cells to self destruct. Apoptosis is responsible for the deletion of cells 

in normal tissues, and also occurs in the specific pathologic conditions [6,7]. The 

morphological and biochemical changes associated with necrosis and apoptosis are 

different. While necrotic cells swell and lyse, affecting neighbouring cells, apoptotic cells 

undergo a sequence of subcellular changes [8]. The earliest changes during development 

of apoptosis are compaction and segregation of the nuclear chromatin with the formation 

of sharply delineated granular masses, and condensation of the cytoplasm. This is 

followed by the disintegration of nucleus and fragmentation of the cell into membrane-

enclosed apoptotic bodies, containing nuclear fragments and cell organelles [9].     

Apoptosis occurs in many disease states. Also, the initial response of tumor cells to 

successful cancer treatment is often massive apoptosis [9,10]. This makes detection of the 

early morphological changes that a cell undergoes during development of apoptosis a 

potential tool for the diagnosis of diseases and for the monitoring of success of cancer 

treatment. Apoptosis is a very dynamic process, which makes it challenging to monitor it 

in-vivo. Most of the current methods for the detection of apoptosis are invasive and time 

consuming [11]. Regarding non-invasive methods, it was demonstrated that ultrasonic 

imaging can distinguish living, apoptotic and necrotic cells based on the backscattering 

strength [12]. However, the low resolution of ultrasound imaging makes it impossible to 

detect apoptosis in small tissue volumes. Recently it was demonstrated that optical 

coherence tomography (OCT) can detect changes in the optical properties of cells 

undergoing apoptosis [13]. Differences in the attenuation coefficient of healthy, apoptotic 

and necrotic cells were measured.  

In OCT the attenuation coefficient and the backscattering coefficient can be 

determined from the OCT signal (Chapter 4). Only recently the changes in the light 

backscattering during development of apoptosis were investigated [14]. This kind of 

measurements can be an additional tool for the detection of apoptosis. As discussed 

before in this chapter, in thin tissue layers the fitting procedure is impossible, so that 

monitoring of changes in the backscattering amplitude is the only possibility to access the 

optical properties of the tissue under study. We proceed to demonstrate in-vitro 

measurements of changes in optical properties of single layer of cells during the 

development of apoptosis.  

OCT measurements were performed with retinal pigment epithelium (RPE) cells. 

RPE cells appear as a monolayer in the retina, forming a barrier between the 

neurosensory retina and the choroid. The choice of RPE cells was based on the fact that 
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the disfunction of these cells plays an important role in the development of a range of 

ophthalmic diseases, for example age-related macular degeneration (AMD) [15].  

Therefore the detection of the apoptosis in the RPE layer can help in diagnosis of eye 

diseases at early stages.  

The human RPE cell line ARPE-19 was obtained from the Netherlands Institute for 

Neurosciences. The samples with cells were grown in cell culture dishes as a single 

monolayer of cells (thickness approximately 10 µm), which mimics RPE cell layer in the 

human eye. To induce cell death, 10 % ethanol was added to the culture medium 

(constant exposure) [16,17]. Directly after adding of alcohol, OCT measurements were 

started. Prior to OCT measurement we performed fluorescence-activated cell sorting 

(FACS) measurements with cells treated in the same way, to make sure that the constant 

exposure of 10 % alcohol induces cell death.  

OCT measurements were performed with a commercially available Santec HSL 

2000 OCT swept-source OCT system operating at a center wavelength of 1300 nm, with 

an axial resolution of 10 µm. To avoid specular reflections, the direction of the incident 

light was set at approximately 30 degree to the normal. For each series of measurements, 

a dish with cultured cells was placed on a heating plate to keep the temperature of the 

cells at 37 degrees (culture conditions).  Measurements of each sample were performed 

during 90 min with a 15 min interval, the size of the imaged area was 2 by 2 mm. The 

position of the sample was kept constant, i.e. the same area was imaged during each 

series of measurements.  Control measurements were performed with 2 different 

samples, apoptosis measurements – with 3 samples. The obtained OCT signal was 

analyzed through the summation of the OCT signal from the imaged area (maximum 

intensity projection). Then, in each series of measurements, the ratio of the OCT signal for 

each measurement to the OCT signal for the first measurement (zero time) was 

calculated.  

 

Figure 5-3. OCT images of the RPE cells layer at three different time points (indicated). The imaged area is 2x2 mm. 

0 min 45 min 90 min 
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An example of the OCT image of the single layer of RPE cells at three different 

time points is shown in Figure 5-3. Darker regions are cells, and lighter regions are empty 

space.  

Figure 5-4(a) shows the results of the OCT measurements on the RPE cells. As can 

be seen, during control measurements the value of the OCT signal remains approximately 

constant. Measurements with cells exposed by 10 % alcohol show an increase in the OCT 

signal. These results indicate that with OCT changes in the light backscattering, induced 

by (intra)cellular processes in the single cell layer can be detected.  

Then we performed OCT measurements for the longer period of time. A single 

layer of RPE cells was imaged every 30 minutes during 10 hours. The same algorithm was 

applied to calculate changes in the OCT signal. As depicted in Figure 5-4(b), also for longer 

times, the OCT signal, i.e. the light backscattering from the cells treated by 10 % alcohol, 

increases.  

Our hypothesis is that with the addition of alcohol the cells are forced to go into 

apoptosis, and that during the measurements only healthy and apoptotic cells are 

imaged. To verify that and to identify the processes responsible for changes in the light 

scattering, the OCT measurements were compared with FACS measurements. RPE cells 

were exposed constantly by 10 % alcohol and FACS measurements were performed every 

hour. The FACS measurements demonstrated that the amount of healthy cells decreases 

with time and the amount of necrotic and apoptotic cells increases in time (Figure 5-5). 

Therefore, the changes observed in the OCT signal can be related to these processes.  

Additionally, the design of our OCT experiment allowed further differentiation of 

the processes induced by the 10 % alcohol. We observed that with the addition of higher 

concentrations of alcohol (which resulted in instantaneous necrosis), necrotic cells rapidly 

detached from the bottom of the cell dish. Probably this is due to the loss of the cell  

Figure 5-4. OCT signal changes during measurements of RPE cells: a) 1.5 hour duration (healthy (R
2
=0.20) and 

treated by 10 % alcohol (R
2
=0.98)); b) 10 hours duration (treated by 10 % alcohol (R

2
=0.91)). The OCT signals 

are normalized to zero time point measurements. 

b) a) 
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integrity during necrosis i.e. rupture of the cell membrane. Consequently, detachment of 

the cell from the dish bottom may be considered as a confirmation of the cell death 

(necrotic state). For our configuration of the experiment this means that cells, which 

remain attached to the dish bottom, are assumed to be either apoptotic or healthy, and 

cells that are gone assumed to be necrotic. During OCT measurements (90 minutes), 

almost all measured cells remained attached to the dish, i.e. the alcohol concentration 

was not high enough for cells to go to direct necrosis and not enough time for cells to go 

to necrotic state through process of apoptosis.  This leads to conclusion that the detected 

changes in the OCT signal in this experiment are due to the process of apoptosis.  

For 10 hours OCT measurements, where we would expect large amount of 

necrotic cells (according to FACS measurements), no significant detachment of the cells 

was noticed. More long time measurements are required to understand later stage 

changes in the light backscattering.   

If we compare the control measurements and measurements with cells exposed 

to alcohol, we see distinct trends in the ratios of the OCT signal: the ratio is constant for 

control measurements and increases in time during measurements of cells with alcohol. 

This suggests that during early development of apoptosis backscattering of light 

increases. This information can be used for the detection of apoptosis in thin cell mono-

layers, like in real biological tissues (RPE layer, epithelial tissue) where standard fitting 

procedure is impossible.  

Changes in backscattering can be caused by different effects: change in the size 

and shape of scatterers or in the number of scatterers due to morphological changes, or a 

change in the relative refractive index of the scatterers over the surrounding medium due 

to biochemical changes. We speculate that for the duration of the OCT experiment it is 

more likely that only changes in the size of scatterers have an effect on the detected OCT 

signal [18]. This can include changes in the nuclear size and swelling of cytoplasmic 

structures, such as mitochondria [19]. However, apoptosis is a fast process, and, even for 

Figure 5-5. FACS measurements of RPE cells treated by 10 % alcohol. 
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the duration of our experiment, nuclear disintegration can take place resulting in an 

increase in the number of scatterers and changes in the refractive index contrast. 

The method demonstrated here has a number of advantages in comparison with 

previously reported methods for monitoring of apoptosis. First of all, it allows for the 

measurement of changes in optical properties of a single layer of cells. Secondly, it allows 

for the in-vivo monitoring of optical properties of the thin tissue layers. This feature is 

especially important for assessment of the changes in scattering during drug treatment to 

see direct response of cells to treatment. Finally, for in-vitro measurements, 

differentiation of apoptotic and necrotic cells is may be possible due to effect of 

detachment of necrotic cells from the cell dish.  

4. CONCLUSIONS  

Our measurements show that OCT can provide access to the optical properties of 

thin samples. Particularly, we demonstrated absolute measurements of the attenuation 

coefficient in tissue phantoms, and measurements of relative changes in the 

backscattering in a single layer of RPE cells. Regarding absolute measurements of the 

attenuation coefficient, we showed that with knowledge of the scattering phase function, 

the scattering coefficient can be calculated. This method can be useful for measurements 

in thin layers of biological tissue.  

For measurements of the backscattering of thin layers of RPE cells, we monitored 

changes in the light backscattering during induced cell death. We argued that our 

experimental configuration is such that only healthy and apoptotic cells contribute to the 

signal. We demonstrated that healthy and cells treated by alcohol have detectable 

difference in the backscattering, which opens new possibilities for in-vivo detection of 

apoptosis. Our method can be used for the detection of apoptosis at early stages, where 

other methods are less effective.  
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