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Abstract

In this chapter, Doppler OCT signals (OCTmagnitude and flow velocity profile) for

low and high scattering media are analyzed. For low scattering media, we demon-

strate the use of the single scattering model to determine the optical properties of

the sample. For high scattering media, the effects of multiple scattering are stronger

and the single scattering description breaks down. An alternative approach, based
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on Monte Carlo simulations, is proposed as it gives a more appropriate description

of the Doppler OCT signal by taking into account multiple scattering effects. Using

Monte Carlo simulations, we analyze the deviation of the OCT slope from the value

predicted by the single scattering model and analyze the distortions in the measured

Doppler OCT flow profile. Monte Carlo simulations are compared to Doppler OCT

measurements for Intralipid and blood.

21.1 Introduction

Optical coherence tomography (OCT) is a relatively new biomedical imaging

technique that is used in clinical diagnostics, treatment monitoring, and disease

prevention (screening). OCT is based on low-coherence interferometry and pro-

vides micrometer resolution images of turbid media up to a few millimeters deep.

Besides morphological images, OCT also can be used to determine functional tissue

parameters such as the light attenuation coefficient [1], (blood) flow [2], and tissue

birefringence [3]. Since its invention [4], OCT has been applied in ophthalmology,

vascular imaging, dermatology, and many other areas.

In this chapter, we analyze the Doppler OCT signal in low and high scattering

media. For low scattering media the Doppler OCT signal is well described by the

single scattering model, which is discussed in Sect. 21.2 As described in Sect. 21.3

optical properties such as the scattering coefficient, the scattering cross section, and

the scattering anisotropy can be extracted directly from the OCT signal using the

single scattering model. The single scattering model also provides a good descrip-

tion of the Doppler OCT signal and is used to quantify flow. In Sect. 21.4 we show

that for high scattering media, the single scattering approximation is no longer an

appropriate model to describe the Doppler OCT signal. To describe the Doppler

OCT signal for high scattering media, we use Monte Carlo simulations, as explained

in Sect. 21.5 to simulate the Doppler OCT signal as shown in Sect. 21.6. We focus

on Intralipid and blood as scattering media as they differ in their scattering coeffi-

cient and scattering anisotropy. Finally in Sect. 21.7 we compare the Monte Carlo

simulations to the Doppler OCT measurements for Intralipid and blood.

We observed good agreement between our simulations and the measurements.

21.2 Single Scattering Description of the Doppler OCT Signal

In its most basic form, OCT is based on single backscattering imaging. Light

incident on the sample travels in a ballistic straight path through the scattering

medium until a single backscatter event reflects the light back into the sample arm

optics. Multiple scattered light is rejected by the combination of confocal detection

and coherent gating. In confocal detection, axial and lateral out of focus light is

rejected due to the lower back-coupling efficiency. Moreover, out of focus light has

traveled a longer path length and therefore is mapped onto larger depths in the

sample, thereby reducing its effect on the shallower OCT signals. For low scattering
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media multiple scattered light is efficiently rejected from the OCT signal and the

single scattering approximation is a valid description for the OCT signal.

For the single scattering approximation of the OCT signal, we assume a loss less

time-domain OCT system without focus tracking. The OCT detector current idet(z)
as a function of depth z, is equal to the backscatter profile of the sample as

a function of z convoluted with the complex coherence function g (2z/c) [5]. For
a single perfect mirror in air positioned in the sample arm located at z¼ 0, the OCT

detector current signal is

idetðzÞ ¼ �Re g
2z

c

� �� �
� rmirrorhðzÞdðzÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pref Psample

p
; (21.1)

where � 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 [6], d(z) ¼ 1 for z ¼ 0 and d(z) ¼ 0 for all other z.
The powers Pref and Psample are the powers incident on the reference and sample

arm, respectively. Performing the convolution in (21.1) and taking the square of the

OCT signal at z ¼ 0, we find

idet z ¼ 0ð Þ2��
mirror

¼ �2 r2mirrorPref Psample; (21.2)

where it is assumed that h(0) ¼ 1, i.e., the mirror is in the focus of the sample arm

focusing lens. For a scattering medium without absorption, the situation is more

complicated. A one-dimensional single scattering model is assumed where

homogenously distributed scatterers all add coherently to the OCT signal. Assum-

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

scattering contributions, the detector current is

idetðzÞ ¼ �Re g
2znmed

c

� �� �
� hðzÞ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pref Psample

p ffiffiffiffiffiffiffiffiffiffi
mb;NA

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
exp �2mszð Þ

p
; (21.3)

with nmed the group refractive index of the medium, mb,NA the effective backscat-

tering coefficient (quantifying the part of the light that is backscattered into the

detection numerical aperture (NA) of the OCT system). The scattering coefficient ms
is equal to the concentration of scatterers C and their cross section ss, i.e., ms ¼ Css.
The factor 2 in the exponent of (21.3) accounts for the round-trip attenuation to and

from depth z. In a scattering medium with attenuation ms, the amplitude of the OCT

signal can be found by extrapolating the attenuated OCT signal to z¼ 0. The square

of the OCT signal at the interface is

idet z ¼ 0ð Þ2��
scat

¼ �2
lc

nmed
Pref Psamplemb;NA Q; (21.4)
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where the coherence length lc is defined in single pass according to Schmitt et al. [7]

and Goodman [5]. Note that this coherence length definition is a factor (p/8ln2)1/2�
0.75 smaller than the commonly used definition related to the axial resolution in

OCT that is defined as the full width at half maximum of the Gaussian–shaped

coherence point spread function of the OCT amplitude [8].

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.

There are two main 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 the lateral

offset of the scatterer in the focused beam. For particles not on the optical axis,

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.

From this analysis, it can be observed that mb can be determined by dividing

(21.2) by (21.4). The backscattering coefficient is

mb;NA ¼ idet z ¼ 0ð Þ2��
scat

idet z ¼ 0ð Þ2��
mirror

nmedr
2
mirror

lcQ
¼ pNAms; (21.5)

with the backscattering coefficient mb equal 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 mb. In the absence of absorption, the

scattering coefficient ms can be determined from the slope of the OCT signal. For

media with absorption and described by the single scattering approximation, light

travels in a ballistic way and Beer’s law can be applied to calculate the total OCT

attenuation coefficient mt, which equals mt ¼ ms + ma. Consequently, ms can be

obtained by subtracting the absorption coefficient from the total attenuation coef-

ficient 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(y) over angles from p-NA to p. The phase function integrated

over the NA, pNA, describes the fraction of scattered photons that are detected by the
OCT system, i.e., pNA ¼ mb,NA=ms. Consequently, pNA can be determined using

(21.5) and ms

pNA �
Zp

p�NA

pðyÞ2p sinðyÞdy ¼ mb;NA
ms

¼ nmedr
2
mirror

lcQms

idetðz ¼ 0Þ2��
scat

idetðz ¼ 0Þ2��
mirror

: (21.6)
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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 NA and the shape of the phase

function is known a priori.

In the single scattering approximation, light is backscattered once and the

Doppler frequency shift fDoppler of the backscattered light is determined by the

incident angle y, refractive index of the medium n, wavelength l, and the flow

speed v according to

fDoppler ¼ 2vn

l
cos y: (21.7)

Note that for forward scattering the Doppler frequency shift is zero.

21.3 Determination of Optical Properties and Flow from
Doppler OCT Signals of Low Scattering Media

The optical parameters of low scattering media are determined using a home-built

time-domain OCT system, which is described in detail in Ref. [9]. The time-domain

OCT system is based on a filtered Fianium light source with the center wavelength

at 1,300 nm. The axial resolution of this system is 9.7 � 0.1 mm as was determined

from the full width at half maximum of the OCT magnitude point spread function.

The Gaussian beam waist of the focusing lens is 9.6 � 0.2 mm, corresponding to

a numerical aperture NA¼ 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 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 in (21.6) (i.e., with no optical attenuation in the sample arm).

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

glass cuvette, placed in the sample arm at �70� angle relative to the incident beam.

The sample arm beam is focused at the first glass-medium interface. Measurements

for every solution are performed independently for five times, averaging 100

A-scans per measurement. After background subtraction the OCT signal magnitude

is corrected for the confocal point spread function [6], the optical path length is

converted to depth using the refractive index of water [10]. The OCT attenuation

coefficient is determined with a two parameter single exponential fit of the mea-

sured OCT signal in depth. To reduce the effects of multiple scattering, the

concentration of scatterers is kept low to create samples with scattering coefficients

below 5 mm�1 (as calculated with Mie theory). In addition, only OCT signals

starting at �60 mm depth after the sample front surface and extending 190 mm in

depth is used for fitting the single exponential decay. The scattering coefficient ms is
calculated by subtracting the water absorption coefficient (ma¼ 0.2 mm�1) from the

fitted attenuation coefficient mt. Finally, the scattering cross section ss is calculated
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by dividing the scattering coefficient by the known particle concentration. The OCT

signal amplitude at the front glass-sample interface is determined from the expo-

nential fit by extending the fitting line to zero depth, as is shown in Fig. 21.1. The

zero depth location is determined from the crossing of the OCT signal with the

vertical drop line at half height of the OCT signal. Using our calibration method, the

OCT signal magnitude is determined on an absolute scale in mW1/2 units, which is

indicated in Fig. 21.1 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 pW.

Polystyrene microspheres (Thermo Scientific, USA) are used as scatterers 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 ¼ 1.32 [10]) and

polystyrene are used (npolyst ¼ 1.57 [11]) 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 calcu-
lated 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. To reduce any effects of multiple scattering, we performed

measurements for low concentrations Intralipid (0.63, 1.25, and 2.5 wt%).
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Fig. 21.1 OCT measurement of backscattered power from a suspension of 400 nm diameter
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The samples are prepared by dilution of a single batch of 20 wt% Intralipid

(Fresenius-Kabi) with deionized water. The refractive indices used for Mie calcula-

tions of Intralipid are: nwater¼ 1.32 [10] for water; nlip¼ 1.46 for lipid droplets [12].

From an OCT measurement as shown in Fig. 21.1, the scattering coefficient for

a solution of particles is determined. Figure 21.2a 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 Fig. 21.2a and

the measured OCT magnitude at the interface, pNA is determined using (21.6).

Measurements of pNA for all diameters are used to calculate the average heterodyne

intensity back-coupling efficiency Q ¼ 0.26 � 0.04, which is used to compare pNA
to Mie calculations in Fig. 21.2b. The experimental points match the

calculated values reasonably well and the oscillations in pNA due to the

particle diameter dependent lobe structure of the backscattering efficiency are

clearly observable.

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 pNA and
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the calculated pNA curve for varying scatterer size has to be found. The obtained

crossing point specifies the average particle diameter (Fig. 21.2b). Finally, the

average particle diameter corresponds to a scattering anisotropy g (Fig. 21.2c).

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

which is 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 0.63, 1.25 and 2.5 wt% Intralipid, respectively) are averaged.

The resulting value, pNA ¼ (1.22 � 0.21) 	 10�4, is plotted in Fig. 21.2b. Note

that although the refractive indices of polystyrene spheres and Intralipid droplets

are different, this has negligible influence on the calculated pNA. From Fig. 21.2b,

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 Fig. 21.2c where we calculate g for varying particle diameter,

this particle diameter corresponds to the scattering anisotropy g ¼ 0.35 � 0.03.

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

Intralipid at 1,300 nm g ¼ 0.32 � 0.07 [13].

Doppler OCT experiments are conducted on a home-built spectral-domain (SD)

OCT system operating at a center wavelength lc ¼ 1,300 nm wavelength [14].

Doppler OCT measurements are performed by calculating the incremental phase

change per A-line [15]. For low scattering media quantitative flow measurements

can be performed using Doppler OCT. Figure 21.3 shows a Doppler OCT

flow measurement on a 0.5 vol% Intralipid solution flowing through a glass

capillary with 0.55 mm inner and 0.98 mm outer diameter. After calibration of

the Doppler angle y, quantitative flow measurements can be performed. The

parabolic flow profile, predicted by the Navier–Stokes equations, is accurately

measured using Doppler OCT.
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21.4 Multiple and Dependent Scattering Effects in Doppler OCT
Measurements of High Scattering Media

For low scattering media, the single scattering model is a good description of the

Doppler OCT signal. At high particle concentrations and/or high scattering cross

sections the scattering coefficient becomes high and multiple scattering is much

stronger. Due to the nonzero collection NA and coherence length, multiple scattered

light cannot be sufficiently rejected from the Doppler OCT signal, thereby affecting

the measured Doppler OCT signal. As a result, the single scattering approximation

is no longer valid and a quantitative analysis of the Doppler OCT signals is much

more difficult.

Multiple scattering can lead to non-single-exponential decay, thereby making

a quantitative determination of the scattering coefficient more difficult [16, 17].

Moreover, since in OCT the path length of the detected light is mapped one on one

to a geometrical location in the sample, multiple scattering can also affect depth

ranging and it can lead to spatial resolution loss [18]. For Doppler OCT flow

measurements, it has been shown theoretically [19], with Monte Carlo (MC)

simulations [20], and experimentally [21] that multiple scattering can increase or

decrease the Doppler frequency for light penetrating deep into highly scattering

media. Consequently, for a quantitative analysis of Doppler OCT data, e.g., to

correctly determine flow and/or shear rate parameters [22], the effect of multiple

scattering has to be taken into account.

In addition to multiple scattering, the scattering coefficient is also influenced by

coherent light scattering effects, i.e., due to close packing of particles the coherent

addition of light can lead to a reduction in the scattering coefficient. This effect is

called dependent scattering; a dependence of the scattering strength on the separa-

tion between the particles. In this case, the scattering coefficient ms does not follow
the linear relation ms ¼ Css, but instead the Mie scattering cross section ss depends
in a complex way on particle concentration C and therefore the relation ms¼ Css(C)
holds. As already shown in other light scattering experiments [23, 24], dependent

scattering leads to a reduction in the scattering coefficient and thus can lead to

a decrease of the OCT signal attenuation. In addition, the single scattering approx-

imation of the scattering coefficient does not hold anymore and the scattering

coefficient, in general, cannot be described as the sum of the contributions from

the single scatterers. In this case, the scattering cross section becomes concentration

dependent and coherent addition of waves scattered from different particles has to

be taken into account.

To study multiple and dependent scattering effects, we perform Doppler

OCT measurements of Intralipid and diluted blood solutions under flow with the

SD-OCT system. For both samples the scattering strength varies with particle

concentration. However, blood has a much higher scattering coefficient and

scattering anisotropy than Intralipid. We will observe how these two effects

influence multiple and dependent scattering.

As a scattering medium we use Intralipid. For Intralipid, we use dilutions

of a single batch of 20 wt% Intralipid (Fresenius-Kabi) with distilled water. The

21 Doppler Optical Coherence Tomography Signals 931



Intralipid (particle) volume concentration is calculated from the dilution of the

batch solution by assuming that only the soybean oil and the egg-phospholipid are

in the solid state, with the rest of the constituents (glycerol and water) in solution

[25]. For blood, fresh porcine blood is drawn and anticoagulated before use. It is

washed, centrifuged at 3,500 rpm, and the supernatant is replaced with phosphate

buffered saline. Solutions with varying hematocrit (HCT) are made from the initial

solution by adding phosphate buffered saline to the blood. For every solution

a sample is taken right after the Doppler OCT measurement and analyzed with an

XE-5000 automated hematology system to determine the mean cell volume (MCV)

and HCT. Flow is generated by a precision syringe pump (Perfusor fm, B. Braun

AG) that pumps the Intralipid solution at a flow of 50 or 100 mL/h through

a 500 mm thickness glass flow cuvette with rectangular cross section.

Similar to the measurements with the time-domain OCT system, the SD-OCT

signal magnitude is corrected for the signal background, confocal point spread

function, and in addition, the spectral-domain depth detection sensitivity. Optical

path length is converted to physical depth by dividing with an effective refractive

index based on the relative concentrations of water (nwater ¼ 1.32 [10]) and/or

Intralipid (n ¼ 1.46, soybean oil) and hemoglobin (nHb ¼ 1.40, extrapolated from

[26]). The Doppler frequencies are converted to flow using (21.7), the estimated

refractive index, and the measured Doppler angle y.
The OCT signal attenuation coefficient is determined by a 2-parameter

single exponential fit (attenuation rate mOCT and amplitude) over a range in the

cuvette where the signal shows a single exponential decay. Since the OCT signal

at any depth z (path length) in the sample is attenuated by absorption according to

exp(�maz), the fitted OCT attenuation coefficient is corrected for absorption

by subtraction of the water and/or HCT dependent ma from mOCT. In this

way, the OCT attenuation coefficient due to scattering only is obtained, which we

call mOCT,s.
Figure 21.4a and b show Doppler OCT measurements for 23 vol% Intralipid and

(c) and (d) for HCT ¼ 15 % blood. These concentrations are the highest concen-

trations we measured for Intralipid and blood. For Intralipid, the OCT signal

attenuation is well described by a single exponential fit over the whole depth

range of the cuvette, described by mOCT,s ¼ 4.9 mm�1. At this scattering coefficient

the Doppler flow profile is not a parabola, as would be expected, but is severely

distorted. The flow profile maximum is shifted from the center of the cuvette toward

smaller depths and a large offset is observed at the bottom boundary of the cuvette.

For blood, the OCT signal in the first 150 mm increases, thereafter it decreases with

a single exponential decay, as described by mOCT,s ¼ 4.9 mm�1. The Doppler OCT

flow profile for blood is distorted and shows, similar to Intralipid, a large offset at

the bottom boundary of the flow profile.

The fits to the OCT signal decay in depth result in an estimation of mOCT,s for
both Intralipid and blood as a function of concentration and is shown in Fig. 21.5.

For both samples mOCT,s increases nonlinearly with increasing concentration. For

Intralipid, mOCT,s is relatively close to ms as reported in literature [12, 13]. For

similar volume concentrations mOCT,s for blood is close to that for Intralipid.

932 A.V. Bykov and J. Kalkman



However, we expect it to be much larger, since the scattering coefficient ms for
blood is known to be much higher [27] than for Intralipid [12, 13].

21.5 Monte Carlo Simulations of Light Tissue Interaction in
Scattering Media

Monte Carlo (MC) simulations are a powerful tool for simulating signals for

a variety of experimental arrangements. Monte Carlo simulations of light tissue

interaction have been widely used in OCT and Doppler OCT [18, 20]. Monte Carlo

simulations of light tissue interaction are based on calculating the trajectories of

a large numbers of photons randomly propagating in a scattering medium. Optical

properties of the medium such as absorption coefficient, scattering coefficient, and

scattering anisotropy determine the length and the shape path of individual photon

trajectories. We use a traditional MC algorithm for simulation of light propagation

in multilayered media described in Ref. [28], which is modified for simulation of

OCT and Doppler OCT signals by accounting for the coherence gating and the

geometry of the sample arm (shown in Fig. 21.6). Details of the Monte Carlo

algorithm for OCT signal simulation can be found in [20]. To improve the calcu-

lation performance, a parallel message-passing-interface-based MC code was

implemented on a computer cluster system based on Intel Xeon 3 GHz processors.

For the simulation of a single OCT A-line scan, the trajectories of 1011 photons

O
C

T
 m

ag
ni

tu
de

(a
rb

. u
ni

ts
)

O
C

T
 m

ag
ni

tu
de

(a
rb

. u
ni

ts
)

F
lo

w
 v

el
oc

ity
(m

m
 s

−1
)

F
lo

w
 v

el
oc

ity
(m

m
 s

–1
)

Depth (μm)

a

b

c

d

Intralipid

cuvette boundaries cuvette boundaries

Blood

Depth (μm)

4

4

5

6

2

3

1

2

0 200 400 600 800 0 200 400 600 800

0

4

6

2

0

0

2

3

1

0
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were generated and analyzed. The incoming photons are modeled in the form of

a pencil beam. Photons are considered to be coherent if their single pass optical path

length is within half a coherence length of their maximum penetration depth. The

outgoing photons are detected using a finite size detector located at the focal

distance from the medium under study. We performed MC simulations for the

SD-OCT system geometry and media describing Intralipid and blood. The sample

arm geometry of this setup is shown in Fig. 21.6.

21.6 Monte Carlo Simulations of the Doppler OCT Signal

21.6.1 Monte Carlo Simulations of Doppler OCT Signals from
Intralipid

To determine the role of multiple and dependent scattering on the OCT and Doppler

OCT signal, we performed MC simulations using the developed MC code. First, we

focus on Intralipid solutions, which have intermediate scattering coefficient and

low scattering anisotropy. Figure 21.7 shows the simulated OCT signal as a function

of depth calculated for the measured mOCT,s for three Intralipid concentrations (in

Fig. 21.5). These simulations are performed using a Henyey-Greenstein function

with g ¼ 0.33 as a valid approximation of scattering phase function of Intralipid

[13]. As can be seen from the figure, the simulated OCT signal decay is close to

the expected scattering coefficient mOCT,s, but for all Intralipid concentrations the

slope of the single exponential part of the simulated OCT attenuation, indicated

on the right hand side of the graph, is slightly lower (�13 %) than the input ms.
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This phenomenon is clarified by an analysis of the contribution of multiple scattered

photons, as is shown in Fig. 21.8.

Focusing on the highest Intralipid concentration, as shown in Fig. 21.8, the OCT

signal from the single (back) scattered photons has an attenuation of ms, as expected.
However, due to the finite collection numerical aperture and coherence length,

multiple scattered photons are also detected. For depths larger than 200 mm the

number of multiple scattered photons (scattered more than one time) exceeds

the number of single scattered photons and since multiple scattered photons are

found to have a lower attenuation rate with depth, their addition to the OCT signal

from the single backscattered photons leads to a decrease of the attenuation

coefficient from ms to mOCT,s. Therefore, the OCT signal attenuation becomes

slightly non-single exponential as it changes from mainly single backscattering

Fig. 21.6 Schematics of the

sample arm configuration

with focusing lens and flow

cuvette. MC simulations are

based on the geometry and

experimental parameters: lc is
the coherence length of the

source, f is the focal length of

the sample arm lens, lc is the
OCT center wavelength, NA
is the numerical aperture of

the lens, and y is the Doppler

angle
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(depth < 200 mm) to mainly multiple scattered (depth > 200 mm). From the MC

simulations, we derive that we consistently underestimate the single scattering

coefficient ms by �13 % if we compare the MC simulations to the measured OCT

signal attenuation slope.

Next, we perform MC simulations of the Doppler OCT signal for flowing

Intralipid. Figure 21.9 shows the simulated OCT Doppler signal using a normalized

input flow for three different Intralipid concentrations. It demonstrates that for

increasing Intralipid concentration the flow maximum shifts to a larger depth

(+5 % relative to the center) and that the Doppler frequency at the rear border of

the cuvette increases (+29 % of the peak flow), both are observed in our measure-

ments (see Fig. 21.4b). Also, the peak flow decreases. This effect is difficult to

observe in our measurements due to the flow variations of the syringe pump,

dependence of the Doppler frequency on the refractive index of the Intralipid,

and incidence angle variations due to the refractive index of the Intralipid. As

expected, for single scattered photons the simulated Doppler flow profile is equal to

the input parabolic flow profile (not shown).

21.6.2 Doppler OCT Signals for Varying Anisotropy Factor

In comparison with the single scattering description of the OCT signal, multiple

scattering decreases the slope of the OCT signal in depth and affects the Doppler

OCT flow profile at large depths. In general, these multiple scattering effects

increase with increasing scattering coefficient. However, the effect of the scattering
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anisotropy g is more complicated, especially on the Doppler OCT flow profile.

Figure 21.10 shows MC simulations using a constant ms ¼ 5 mm�1 and varying g
(using a Henyey-Greenstein phase function). The simulations are performed for our

experimental geometry. The absorption of the scattering medium is considered to

be negligible small.

Figure 21.10a shows that the slope of the OCT signal decreases with increasing g
due to increasing amounts of multiple scattered photons in the OCT signal. For

g¼ 0, the slope of the OCT signal attenuation is close to that described by the single

scattering model, which means that for this scattering anisotropy multiple scattered

photons are effectively filtered out from the beam. For high scattering anisotropies

(e.g., g ¼ 0.95) many of the multiple scattered photons stay in the beam, thus
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contributing to the OCT signal and decreasing its slope. This is further indicated in

the inset where mOCT,s is estimated from the single exponential part of the decay and

plotted against g. Figure 21.10b shows MC simulations for the Doppler OCT flow

profiles at three different scattering anisotropies. For g ¼ 0, the input flow profile is

accurately reproduced because the Doppler OCT signal is formed mostly by single

scattered photons. For g ¼ 0.6 the flow profile is significantly distorted, and finally

for g ¼ 0.9, the flow profile again is slightly distorted, however, for this g the

contribution of multiple scattered photons is significant. This effect can be

explained by the interplay between the Doppler shift per scattering event and the

average number of scattering events that a detected photon experiences. For very

low g, the Doppler shift per scattering event is very large, however, these photons

are very rapidly scattered sideways out of beam and do not contribute to the OCT

signal. On the other hand, for very high g, photons are scattered mainly in the

forward direction. These photons stay in the beam and contribute to the OCT signal,

however, they have a very low Doppler shift per scattering event (strictly forward

scattered photons have zero scattering angle and do not gain any Doppler shift).

Therefore, the effect of multiple scattering on the measured Doppler OCT flow

profile is largest at intermediate g, i.e., g ¼ 0.6 where a significant fraction of the

detected light is multiple scattered and these multiple scattered photons also

experience a significant Doppler shift per scattering event. Forward scattering,

which occurs at high g, also leads to the appearance of a small peak at the backside

interface of the Doppler flow profile (Fig. 21.10b) even though the specularly

reflected beam does not hit the detector (the capillary is tilted relative to the

probe beam). This peak is formed by multiple (forward) scattered photons that

are not present in the case when only single scattering is dominant.

21.6.3 Monte Carlo Simulations of Doppler OCT Signals from Blood

For high scattering media, such as blood, the effect of multiple scattering is

expected to be much stronger than for Intralipid. For the OCT attenuation, this

results in an underestimation of the scattering coefficient and a nonlinear increase

of the scattering coefficient with HCT [17]. These effects are attributed to multiple

scattering and concentration-dependent scattering, respectively. Here we use Monte

Carlo (MC) simulations to model the Doppler OCT signal for flowing blood. It is

well known that the Henyey-Greenstein function is not a good approximation for

the red blood cell (RBC) phase function [29]. In addition, the experimentally

obtained mOCT,s of blood is inadequately low to expect a good result of MC

simulation using this parameter as input scattering coefficient. Therefore, the

scattering cross section of an RBC is estimated using the discrete dipole approxi-

mation (DDA), calculated with the ADDA code [30]. The calculations are

performed for lc ¼ 1,300 nm using the RBC’s dimensions (determined from the

measured MCV as input parameter. The RBCs are modeled by oblate spheroid

particles, this shape being the simplest nonspherical approximation for the RBC.

For the refractive index contrast ratio we choose jmj ¼ 1.05 [26]. The refractive

index of the medium is estimated at nmed ¼ 1.33. The ratio of the short over the long
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axis lengths of the oblate spheroid is estimated to be 0.25 using Ref. [31]. As output

of the DDA calculations, we obtain Mueller matrices for all scattering angles. For

oblate spheroids, these Mueller matrices are calculated for two extreme orientations

(short axis in the direction of the beam and short axis perpendicular to the beam).

The M11 Mueller matrix elements (isotropic polarization scattering) are integrated

over all scattering angles to obtain the scattering cross section and g. The scattering
cross sections ss are converted to ms using the concentration C derived from the

measured HCT and MCV values and the relation ms ¼ Css, no concentration-

dependent scattering effects are accounted in this calculation. The average phase

function p(y) is calculated, using the phase functions p0(y) and p90(y) and the

scattering coefficients ms,0 and ms,90 at the two extreme orientations, according to

[32] p(y) ¼ (ms,0p0(y) + ms,90p90(y))/(ms,0 + ms,90). The results of the calculations are
shown in Fig. 21.11.

As expected, the calculated scattering coefficients for blood are significantly

higher than the measured OCT scattering attenuation coefficient mOCT,s. For very
low HCT the difference between the calculated scattering coefficient and mOCT,s
decreases. Figure 21.11a also shows the scattering coefficient determined by

Roggan et al. [27] with the integrating sphere method at l¼1,300 nm and

HCT ¼ 5 % for human RBCs. Since the size of human RBCs is close to those of

porcine RBCs [33] we expect that this value closely matches our DDA calculations,

as is observed. Figure 21.11(b) shows the phase function integrated over the polar

angle. The MC simulation uses the calculated RBC orientation-averaged phase

function as input. The corresponding scattering anisotropy is g ¼ 0.98.

Using the ms and phase function calculated with DDA as described above,

we performed MC simulations for HCT ¼ 8 %. This is the highest measured

HCT below 10 % for which the linear relation between scattering coefficient

and concentration holds (see Fig. 21.5 and Refs. [34, 35]) and avoids any

concentration-dependent scattering effects.

Figure 21.12 shows the results of the MC simulations calculated with

ms ¼ 27 mm�1 (HCT ¼ 8 %, Fig. 21.11), ma ¼ 0.37 mm�1, and the orientation-

averaged phase function. MC simulations are shown for the sum of all detected

photons and for contributions according to the number of scattering events N
a detected photon experienced. As can be seen, higher scattering orders are mainly

deeper in the sample. The rise of the OCT signal in the first 100 mm is due to the

buildup of higher scattering order signals. At the backside of the cuvette, most of

photons have experienced more than 20 scattering events. The decay as a function

of depth indicates much lower attenuation of the OCT signal compared to the single

scattering model, i.e., mOCT,s¼ 3.8 mm�1 versus ms¼ 27 mm�1. Remarkably, mOCT,s
estimated from the MC simulated OCT signal corresponds very well to the

experimentally measured value (see Fig. 21.5). In Fig. 21.12b one can see that the

Doppler OCT flow profile clearly deviates, albeit by a small amount, from

a parabola, especially at the back end of the cuvette due to the multiple scattered

photons contribution. Such a small deviation at a relatively high number of scatter-

ing events can be only explained by the high g of blood, which results in a very low
Doppler shift per scattering event.
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21.7 Comparison of Monte Carlo Simulations and Doppler OCT
Measurements

To estimate the scattering coefficient of Intralipid at 23 vol% for which the

experimental data and the MC simulation show good agreement, we performed

a series of calculations for varying scattering coefficient. Good agreement is

observed using ms ¼ 5.6 mm�1 as input parameter (see Fig. 21.13a). The input ms
is 15 % higher than the scattering coefficient estimated from the OCT slope with the

single scattering model (mOCT,s ¼ 4.9 mm�1). A relatively good single-exponential

fit is also achieved for lower Intralipid concentrations (not shown). From

a comparison of our OCT measurements and MC simulations, we conclude that

for all Intralipid concentrations the scattering coefficient ms is approximately 15 %

higher than the measured OCT signal attenuation rate due to multiple scattering

effects. The MC simulation of Doppler OCT flow profile is compared to the

experimental data and shown in Fig. 21.13b. Good agreement can be observed

between the MC simulation and the measurements. Especially notable is that the

offset of the flow at the deepest cuvette wall increases with Intralipid concentration

in accordance with the measurements.

For blood with HCT ¼ 8 % a good agreement in experimental and simulated

OCT signal slopes was obtained with ms¼ 27 mm�1. This value is also predicted by

the DDA calculation using the simplified RBC model. The comparison of experi-

mental and simulated data is shown in Fig. 21.13c. The increasing OCT signal at the
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first glass/blood interface and the slope of the OCT signal as well as the small peak

at the second blood/glass interface are well reproduced by the MC simulation. In

Fig. 21.13d it can be observed that the MC simulation of the Doppler OCT flow

profile matches the measured flow profile and is close to the single scattering

model parabolic flow profile. The increase of the Doppler frequency at the second

blood/glass interface is reproduced by the MC simulations albeit that the distortion

of the MC simulated flow profile is larger than measured. For Doppler OCT

measurements with HCT smaller than 8 %, similar agreement between Doppler

OCT measurements and MC simulations is observed with the deviation between the

single scattering model and measurements being smaller (not shown).

From our consistent agreement between the simulations and the measurements

for both OCT signal attenuation and Doppler OCT data supports the interpretation

of our data. Multiple scattering influences flow parameters measured with Doppler

OCT such as peak flow, peak flow location, flow volume, and shear rate.

To accurately quantify these parameters from Doppler OCT measurements in

highly scattering media, multiple scattering effects have to be taken into account.

21.8 Conclusion

In this chapter, we have compared the Doppler OCT signals for low and high

scattering media. We have shown that the single scattering model is an appropriate

description for low scattering media. For low scattering media, parameters such as

the scattering cross section, scattering anisotropy, and Doppler flow profile can be

directly determined from the Doppler OCT signal.

For high scattering media, the single scattering model does not describe the OCT

signal very well. Usually, the slope of the OCT signal is much lower than the

scattering coefficient of the medium and the Doppler OCT flow profile is distorted.

Both effects are caused by multiple scattered light that contributes to the OCT

signal. The difference between the single scattering model description and the

measured Doppler OCT signal depends on parameters of the sample under study

(e.g., anisotropy factor) and parameters of the OCT setup (e.g., coherence length).

We have shown that the scattering anisotropy is of paramount importance in the

quantification of multiple scattering effects. For a medium with low scattering

anisotropy (e.g., Intralipid, with g ¼ 0.32 at 1,300 nm) the difference between the

real scattering coefficient and the scattering coefficient estimated from the slope of

the OCT signal is quite small. For the medium with a high scattering anisotropy

(e.g., blood, with g ¼ 0.98 at 1,300 nm) the scattering coefficient is much higher

than predicted from the slope of the OCT signal using the single scattering descrip-

tion. Doppler OCT flow profiles are most strongly distorted at intermediate g ~ 0.6.
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