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In this work we demonstrate measurements with optical coherence tomography (OCT) of 

the scattering phase function in the backward direction and the scattering anisotropy 

parameter g. Measurements of the OCT attenuation coefficient and the backscattering 

amplitude are performed on calibrated polystyrene microspheres with a time-domain 

OCT system. From these measurements the phase function in the backward direction is 

determined. The measurements are described by the single scattering model and match 

Mie calculations very well. Measurements on Intralipid demonstrate the ability to 

determine the g of polydisperse samples and, for Intralipid, g = 0.35 ± 0.03 is measured, 

which is well in agreement with g from literature. These measurements are validated 

using the Intralipid particle size distribution determined from TEM measurements. 

Measurements of g and the scattering phase function in the backward direction can be 

used to monitor changes in backscattering, which can indicate morphological changes of 

the sample or act as contrast enhancement mechanism.  
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1. INTRODUCTION  

Optical coherence tomography (OCT) is a non-invasive imaging modality that is used 

to image the morphology of turbid media. An important application of OCT is to 

quantitatively determine the optical properties of tissue. The attenuation coefficient of 

the OCT signal can be used to characterize tissue [1-3] and to determine the OCT imaging 

depth [4]. In contrast to frequently reported measurements of the OCT attenuation 

coefficient, quantitative measurements of the OCT backscattering are reported less often. 

The OCT backscattering coefficient can be quantified [5] and used for tissue 

characterization, visualization, and/or contrast enhancement [6]. In addition, the 

variation of the OCT magnitude in time can provide quantitative information about flow 

[7] and diffusion [8]. Quantitative measurement of the OCT (or low coherence 

interferometry) magnitude as a function of angle and/or wavelength [9, 10] can provide 

information on the scattering phase function and the size of the scatterer. 

The scattering phase function, which describes the angular probability distribution 

of the scattered light, is parameterized by the scattering anisotropy parameter g, which is 

the average of the cosine of the scattering angle. The scattering anisotropy plays an 

important role in diffusive light transport, for example in diffuse reflectance 

spectroscopy. Also in OCT, g plays an important role as it determines the amount of 

backscattering and in the quantification of multiple scattering effects in (Doppler) OCT 

[11]. The possibility to extract g from OCT measurements is very attractive, because, in 

comparison with commonly used goniometric or integrating sphere methods, the non-

invasive nature of OCT allows for in-vivo application.  

Two models are available for a quantitative description of the OCT signal: the single 

scattering model and a comprehensive model based on the Extended Huygens-Fresnel 

principle [12]. The first model gives good results for weakly scattering, non-absorbing 

media [13] and describes the OCT signal by a single exponential decay function. The latter 

model can be used to estimate g from a fit of the model to the OCT signal in depth, but is 

valid only for samples with small-angle forward scattering (e.g. high g). The obtained root-

mean-square scattering angle θrms can be related to g if the phase function is known. In 

this model the scattering coefficient μs and θrms (or g) only can be separated when 

multiple scattering effects are significant. However, an increase of µs can counteract a 

decrease of θrms (i.e. increase of g) in the fit model and the fit parameters are not 

(statistically) independent [14].  

Here we present a simple method based on the single scattering model to 

determine g from OCT measurements. We demonstrate experimentally, for the first time 

to our knowledge, that this model can be used for measurements of the scattering phase 

function in the backward direction and in specific cases for measuring g.    
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2. MATERIALS AND METHODS 

2.1 Single scattering model of the OCT signal 

In a loss less time-domain OCT system without focus tracking the OCT detector 

current id(z) as a function of depth z is equal to the backscatter profile of the sample as 

function of z convoluted with the complex coherence function (2z/c) [15]. For a perfect 

mirror in air positioned in the sample arm located at z = 0 (a single reflector), the OCT 

detector current signal is: 
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where η is the detector conversion factor from the incident light power to the electric 

current, Re{} is the real part of the complex coherence function,  c is the speed of light, 

rmirror is the field reflection coefficient of the mirror, h(z) is the confocal point spread 

function [16], (z) = 1 for    z = 0 and (z) = 0 for all other z. The powers Pr and Ps are the 

powers incident on the reference and sample arm, respectively. Performing the 

convolution in Equation 4-1 and taking the square of the OCT signal at z = 0 , 
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where it is assumed that h(0) = 1, i.e. the mirror is in the focus. For a scattering medium 

the situation is more complicated. A one-dimensional single scattering model is assumed 

where homogenously distributed scatterers all add coherently to the OCT signal. 

Assuming that the OCT signal for a homogenous scattering medium is the sum of all 

scattering contributions (see section 4.3 for a discussion), the detector current is:  
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with nmed the group refractive index of the medium, µb,NA the effective backscattering 

coefficient (quantifying the part of the light that is backscattered into the detection NA of 

the OCT system); µs the scattering coefficient. The factor 2 in the exponent of Equation   

4-3 accounts for the round-trip attenuation to and from depth z. In a scattering medium 

with attenuation µs the amplitude of the OCT signal can be found by extrapolating the 

attenuated OCT signal to z = 0. The square of the OCT signal at the interface is:  
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where coherence length lc is defined in single pass and according to Schmitt et al. [13] 

and Goodman [15]. Note that this coherence length definition is a factor 75.02ln8   

smaller than the commonly used definition related to the axial resolution in OCT, which is 
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defined as the full width at half maximum of the Gaussian–shaped coherence point 

spread function of the OCT amplitude [17]. The constant Q describes the heterodyne 

intensity back-coupling efficiency from a scattering medium compared to that of a mirror 

and ranges from 0 to 1 (see section 4.3). From this analysis it can be observed that µb can 

be determined by dividing Equation 4-2 by Equation 4-4. The backscattering coefficient is: 
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 with the backscattering coefficient µb proportional to the scattering coefficient times the 

phase function integrated over the NA in the backscattering direction, pNA. Note that by 

taking the ratio of two OCT measurements additional loss factors in the OCT system do 

not influence the determination of µb.  

In the absence of absorption, the scattering coefficient µs can be determined from 

the slope of the OCT signal. For media with the absorption and in the single scattering 

approximation, the light travels in a ballistic way and Lambert-Beer’s law can be applied 

to calculate the total OCT attenuation coefficient µt, which equals µt=µs+µa. 

Consequently, µs can be obtained by subtracting the absorption coefficient from the total 

attenuation coefficient obtained from the slope of the OCT signal. The scattering phase 

function in the backscattering direction can be obtained by integrating the scattering 

phase function p(θ) over angles from π - NA to π. The phase function integrated over the 

NA, pNA describes the fraction of scattered photons which are detected by OCT system, 

i.e. pNA=µb,NA/µs . Consequently, pNA can be determined using Equation 4-5 and µs : 
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Since pNA is related to the phase function, the scattering anisotropy g can be determined 

from a determination of pNA if the shape of the phase function is known a priori. 

2.2 OCT measurements 

For our study we utilize a home-built time-domain OCT system, which is described 

in detail in Ref. [4]. In summary, light from a Fianium light source is filtered to obtain a 

spectrum centered at 1300 nm, which is coupled into a fixed focus OCT setup. The axial 

resolution of this system is 9.7 ± 0.1 µm as was determined from the full width at half 

maximum of the OCT magnitude point spread function. The signal to noise ratio is 90 dB. 

The Rayleigh length, measured with mirror in the sample arm, is 292 ± 9 µm. The 

corresponding Gaussian beam waist is   9.6 ± 0.2 µm and the numerical aperture NA of 

the sample arm lens is 0.043 ± 0.001. Prior to the experiment, the OCT system is 

calibrated for quantitative measurements of the backscattered power. Due to the limited 

dynamic range of the OCT system, the power from the mirror is measured using different 
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calibrated neutral density filters in the sample arm.  From the dependence of the OCT 

signal on the optical attenuation the reflected power and the OCT magnitude can be 

directly compared to the signals for the scattering sample (no optical attenuation in the 

sample arm) in Equation 4-6.   

 OCT measurements on suspensions of scatterers are performed in a 1 mm thick 

glass cuvette. The cuvette is placed in the sample arm at ~ 70° angle relative to the 

incident beam to avoid specular reflections in the OCT signal. The sample arm beam is 

focused at the first glass-medium interface. Measurements for every solution are 

performed independently for 5 times. For each measurement, the average of 100 A-scans 

is taken. After background subtraction the OCT signal magnitude is corrected for the 

confocal point spread function [16]. The OCT attenuation coefficient is determined with a 

two parameter single exponential fit of the measured OCT signal in depth (corrected for 

the refractive index of water). To reduce the effects of multiple scattering, the scatterers 

concentration is kept low to create samples with scattering coefficients below 5 mm-1 (as 

calculated with Mie theory). In addition, only the first 500 data points (190 µm) of the 

OCT signal (starting at ~ 60 µm depth after sample front surface) are used for fitting the 

single exponential decay. The scattering coefficient is calculated by subtracting the water 

absorption coefficient (µa = 0.2 mm-1) from the fitted attenuation coefficient. Finally, the 

scattering cross section σs is calculated by dividing the scattering coefficient by the known 

particle concentration. The OCT signal amplitude at the front glass-sample boundary is 

determined from the exponential fit by extending the fitting line to zero depth (see Figure 

4-1). Zero depth was determined from the crossing of the OCT signal with the vertical 

drop line at half height. With this method the OCT signal magnitude is determined on an 

absolute scale in [mW1/2] units.  

Figure 4-1. OCT measurement of backscattered power from a suspension of 400 nm diameter polystyrene microspheres 

in water. The vertical scale on the left is converted to absolute units of square root of power using the power calibration 

and is indicated on the right. The attenuation coefficient is determined from the single exponential decay fit (solid red 

line); the amplitude of the OCT signal from the sample surface is determined by extending the exponential fit to zero 

depth (dashed red line). Zero depth is indicated (dashed blue line). 
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This is indicated in Figure 4-1 on the right hand side scale for a measurement of a 

scattering medium for 400 nm diameter particles. The peak of the backscattered power in 

the heterodyne (OCT) signal is of the order of 90 picoWatts.  

2.3 Scattering samples 

Polystyrene microspheres (Thermo Scientific, USA) are used as scatterers, certified 

by NIST traceable procedures, with the concentration of the sample calculated based on 

the used dilution (1 wt.% concentration). The microspheres have mean diameters of 203 

± 5, 400 ± 9, 596 ± 6, 799 ± 9, and 994 ± 10 nm and size distribution standard deviations of 

4.7, 7.3, 7.7, 4.8 and 10 nm, respectively. Mie calculations are performed based on mean 

diameters to calculate the scattering cross section and phase function of the polystyrene 

particles. The refractive index of water (nwater=1.32) and polystyrene are used (npolyst=1.57 

[18] ) as input. From Mie calculations, the scattering anisotropy, i.e. the g of these 

microspheres, is calculated to be: 0.07, 0.29, 0.62, 0.73, and 0.81 for increasing sphere 

diameter. Also, from the calculated phase functions, the scattering efficiency in the 

backscattering direction pNA is calculated by integrating the phase function over the NA of 

the sample arm focusing lens.  

 Measurements performed on Intralipid samples are used as an example of our 

technique to a polydisperse medium. Intralipid is an aqueous suspension of polydisperse 

lipid droplets, which is often used as a tissue phantom for optical measurements. 

Recently we showed that for high Intralipid concentrations multiple and dependent 

scattering effects play an important role and lead to nonlinear changes in the scattering 

coefficient with concentration [11]. To avoid these effects, measurements with low 

concentrations Intralipid (0.7, 1.4 and 2.8 vol.%) are performed. The samples are 

prepared by dilution of a single batch of 22.7 vol.% Intralipid (Fresenius-Kabi) with 

deionized water. The refractive indexes used for Mie calculations of Intralipid are:       

nwater = 1.32 for water; nlip = 1.46 for lipid droplets [19].  

 To correlate our OCT measurements to the size of the scatterers in the 

polydisperse Intralipid suspension, transmission electron microscopy (TEM) 

measurements are performed to determine the size distribution of the scatterers in 

Intralipid. For TEM imaging the samples were cryoprotected with glycerin and frozen in 

liquid ethane at the temperature of liquid nitrogen. The samples were replicated in a 

vacuum better than 3×10-7 mbar at a temperature of -120°C. A platinum layer (2 nm) was 

evaporated at an angle of 450 and carbon (20 nm) was deposited at an angle of 900. The 

replicas were cleaned with house hold bleach and collected on 300 mesh copper grids. 

The replicas were then imaged with a FEI T2 electron microscope at a magnification of 

26500. Images were collected with a SIS Velata camera in a 2048×2048 format. QWin-pro 

(Leica) software was used to determine the diameters. In total, 2019 particle diameters 

were measured. 
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3. RESULTS 

3.1 Polystyrene microspheres 

From an OCT measurement, like the measurement shown in Figure 4-1, the 

scattering coefficient for a solution of particles is determined. Figure 4-2(a) shows the 

scattering cross section of polystyrene microspheres for the different diameters obtained 

from the scattering coefficient. The experimental results are compared to Mie 

calculations and good agreement is observed (typical error is within 10 %). Consequently, 

it can be assumed that multiple scattering effects are negligible and that the single 

scattering model is valid for a description of the OCT signal. From the data in Figure 4-2(a) 

and the measured OCT magnitude at the interface, pNA is determined using Equation 4-6.

  

  

Figure 4-2. Results of Mie calculations and experimental measurements of: a) scattering cross-section of polystyrene 

microspheres (error bars are smaller than symbols); b) scattering phase function pNA of polystyrene microspheres (error 

bars are standard deviations); the dashed line indicates the measured value of pNA for Intralipid (standard deviation is 

given in the text); c) Mie calculations of g versus particle diameter at 1300 nm for polystyrene microspheres. Arrows 

show the average particle diameter and the g of Intralipid. Dotted lines indicate the limits of our method for particle 

diameter and scattering anisotropy (grey zone – region of applicability). 
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Measurements of pNA for all diameters are used to calculate the average 

heterodyne intensity back-coupling efficiency Q = 0.26 ± 0.04, which is used to compare 

pNA to Mie calculations in Figure 4-2(b). The experimental points match the calculated 

values reasonably well and the oscillations in pNA due to the diameter dependent lobe 

structure of the backscattering efficiency are clearly observable. 

3.2 Intralipid 

The phase function in the backscattering direction pNA can be used to estimate the 

average size of the scatterers and, consequently, g. To determine the average diameter, 

the crossing point of the horizontal line through the experimental point of pNA and the 

calculated curve of pNA for each scatterer size has to be found. The obtained crossing 

point specifies the average particle diameter (Figure 4-2(b)). Finally, the average particle 

diameter corresponds to a scattering anisotropy g (Figure 4-2(c)).  

To demonstrate our method on non-calibrated samples we apply it to Intralipid as 

a polydisperse suspension of scatterers. Following the same procedure as for polystyrene 

microspheres, pNA of Intralipid is determined. For low particle concentration, pNA is 

independent of the concentration of scatterers and the pNA values for all measured 

Intralipid concentrations (1.30·10-4, 1.26·10-4 and 1.11·10-4 for 0.7, 1.4 and 2.8 vol.% 

Intralipid correspondingly) are averaged. The resulting value (pNA= (1.22 ± 0.21)·10-4) is 

plotted in Figure 4-2(b) (although the refractive indexes of polystyrene spheres and 

Intralipid droplets are different, this has negligible influence on the calculated pNA). From 

Figure 4-2(b), the crossing point of the line of the calculated pNA of polystyrene 

microspheres and the measured pNA of Intralipid corresponds to a particle diameter of 

438 ± 21 nm. Consequently, from Figure 4-2(c) where we calculate g for varying particle 

diameter, this particle diameter corresponds to the scattering anisotropy g = 0.35 ± 0.03. 

This value agrees very well with previously reported measurements of g for Intralipid at 

1300 nm g = 0.32 ± 0.07 [20].  

To validate our experimental results, Mie theory calculations are performed based 

on the Intralipid particle size distribution measured by TEM, see Figure 4-3. The fraction 

of particles f vs. particle diameter d is given in the Table 4-1. The mean particle diameter 

is calculated to be 214 nm. Based on the particle size distribution in Table 4-1, the 

average scattering phase function pNA of Intralipid in the backscattering direction is 

calculated using [21] : 
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which is the average of pNA over all particle diameters weighted with the scattering 

coefficient for every diameter. The resulting average phase function of Intralipid in the 

backward direction is pNA = 0.94·10-4. This corresponds to an average scatterer diameter d 

= 465 nm, which gives a scattering anisotropy g = 0.40.  

Figure 4-3. Particle size distribution of Intralipid measured by transmission electron microscopy. In total, 2019 cross-

sections were measured. The mean diameter is 214 nm. Inset: TEM image of Intralipid (bar – 500 nm). 

 

 

Table 4-1. Particle size distribution of Intralipid. 

d [nm] fraction d [nm] fraction d [nm] fraction d [nm] fraction 

19.2 0.004455 192 0.026238 364.8 0.013861 537.6 0.012376 

38.4 0.024257 211.2 0.031683 384 0.014851 556.8 0.00099 

57.6 0.112871 230.4 0.085149 403.2 0.013366 576 0.012376 

76.8 0.087624 249.6 0.046535 422.4 0.018812 595.2 0.000495 

96 0.069307 268.8 0.040594 441.6 0.015347 614.4 0.000495 

115.2 0.060396 288 0.030198 460.8 0.004455 633.6 0.001485 

134.4 0.051485 307.2 0.041089 480 0.003465 652.8 0 

153.6 0.030693 326.4 0.030198 499.2 0.027723 672 0 

172.8 0.043564 345.6 0.028218 518.4 0.014356 691.2 0.00099 
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4. DISCUSSION 

4.1 Method  

With the demonstrated procedure it is possible to determine g for monodisperse 

polystyrene particles with diameters smaller than ~ 500 nm (at an OCT operating 

wavelength of 1300 nm). With increasing particle diameter oscillations of the scattering 

phase function become present and cause the measured value of pNA to coincide with a 

multitude of diameters, which makes a unique determination of g impossible (Figure       

4-2(b)). However, using additional measurements (e.g. at different wavelengths [22] or 

different angles [9]) or using additional information (e.g. the particle concentration) the 

average size of the scatterers and the scattering anisotropy g also can be determined for 

particles larger than ~ 500 nm.  

 However, even without the possibility to perform quantitative measurements, 

relative changes in the scattering phase function can be used to detect changes in tissue 

morphology and/or act as a contrast enhancement mechanism in OCT images. 

Furthermore, in contrast with the backscattering coefficient, the scattering phase 

function does not depend on the concentration of scatterers and therefore can 

distinguish between changes in scattering due to refractive index contrast changes or due 

to changes in the scatterer size.  

 The accuracy in the determination of pNA and g depends on a large number of 

factors. As can be seen from Equation 4-6, μs, lc, NA and Q are parameters that need to be 

accurately determined to calculate pNA. The errors in all these parameters are 

summarized in the determination of the heterodyne intensity back-coupling efficiency Q, 

which has an error of   ~ 15 %. Any systematic error in Q and its relation to the theoretical 

value needs to be investigated (see section 4.3) as well as methods to reduce the error in 

Q. 

4.2 Results 

The physical size distribution for Intralipid (Figure 4-3) that we obtained shows a 

size distribution with a decreasing number of particles with increasing size. The average 

physical diameter is 214 nm, which is larger than 97 nm, reported by van Staveren et al. 

[19], which was measured for a different weight fraction solution and of Intralipid from a 

different manufacturer.  Also our average size is larger than 123 nm, as was measured by 

Michels et al. [23], however, that value was obtained with an indirect method using 

integrating spheres measurements correlated with Monte Carlo simulations.  

 For polydisperse particle solutions the described method results in values for the 

size d and scattering anisotropy g that are averaged over the size distribution. However, 

since these properties are measured using an optical technique instead of a direct size 

measurement technique, the averages tend to underestimate the contribution of small 
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particles since the scattering strength decreases strongly with decreasing size. For 

Intralipid, for example, the difference between the average physical diameter of the 

scatterers (214 nm) and the optically measured average scatterer diameter (438 nm) 

demonstrates the strong impact of the size determination method being used (TEM 

versus OCT). This is a well known phenomenon in, for example, dynamic light scattering 

where the different sizes are weighted with their respective scattering strength.  

Like for the average diameter, also for g the described method is more sensitive to 

larger diameters [21]. However, since g is a parameter describing diffusive light transport, 

its optically weighted value is the only relevant parameter. 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). In comparison to g determined from the 

Intralipid particle size distribution measured with TEM (g = 0.40), the value we obtained 

from our OCT measurements is lower. This difference can be explained by the 

underestimation of the small diameter particles in TEM measurements. 

4.3 Efficiency factor Q 

The heterodyne detection efficiency factor Q for small scatterers is of 

fundamental interest in OCT [6, 13, 24] and we identified two major reasons that cause a 

reduction of the heterodyne detection efficiency Q for a homogenous distribution of 

scatterers compared to a mirror to values less than 1. First, the OCT magnitude for a sum 

of scatterers depends on the random axial position of the scatterers in the sample 

(causing speckle). As a result, the envelope of the OCT signal (e.g. the mean value of the 

speckle pattern) is smaller than the addition of all individual particle envelopes. Second, 

the OCT backscatter efficiency for small particles depends on lateral offset of the 

scatterer in the focused beam. The spherical wave originating from a particle is less 

efficiently coupled back to the single mode fiber compared to the planar wavefront 

reflected from the mirror. A full quantification of these effects is subject to future work. 

5. CONCLUSIONS 

In conclusion, we have presented experimental measurements of the scattering 

phase function in the backward direction pNA by OCT and demonstrated the feasibility of 

such measurements to determine the scattering anisotropy g. The proposed method is 

well applicable to scatterers with diameters below ~ 500 nm (for measurements at 1300 

nm). We applied this method to a polydisperse Intralipid solution and obtain                       

g = 0.35 ± 0.03, which is close to that found in literature. 
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