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Abstract: Doppler optical coherence tomography (OCT) is a technique to
image tissue morphology and to measure flow in turbid media. In its most
basic form, it is based on single (Mie) scattering. However, for highly
scattering and dense media multiple and concentration dependent scattering
can occur. For Intralipid solutions with varying scattering strength, the effect
of multiple and dependent scattering on the OCT signal attenuation and
Doppler flow is investigated. We observe a non-linear increase in the OCT
signal attenuation rate and an increasingly more distorted Doppler OCT flow
profile with increasing Intralipid concentration. The Doppler OCT attenuation
and flow measurements are compared to Monte Carlo simulations and good
agreement is observed. Based on this comparison, we determine that the
single scattering attenuation coefficient u, is 15% higher than the measured
OCT signal attenuation rate. This effect and the distortion of the measured
flow profile are caused by multiple scattering. The non-linear behavior of the
single scattering attenuation coefficient with Intralipid concentration is
attributed to concentration dependent scattering.

©2010 Optical Society of America

OCIS codes: (170.4500) Optical coherence tomography; (170.3880) Medical and biological
imaging; (290.4210) Multiple scattering; (290.7050) Turbid media.
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1. Introduction

Doppler optical coherence tomography (OCT) is a well established technique for the
simultaneous imaging of static and moving components in near-surface regions of biological
tissues [1]. By coherent gating, OCT performs a path length resolved measurement of the
photons scattered from tissue. The use of coherent gating in combination with confocal light
collection significantly reduces the number of detected multiple scattered photons, thereby
increasing the imaging depth by a factor three compared to confocal microscopy [2].
Determination of the tissue scattering coefficient, quantitative depth ranging, and flow
measurement with Doppler OCT are generally based on single backscattering. For example, in
case only single scattering and no absorption is present, the OCT signal attenuation rate is equal
to the scattering coefficient u;,. However, for highly scattering media and due to the finite
collection numerical aperture and coherence length, multiple scattered photons are also present
in the OCT signal, thereby changing the measured OCT signal attenuation. In addition, multiple
scattering can lead to non single-exponential decay, thereby making a quantitative determination
of the scattering coefficient more difficult [3,4]. Moreover, since in OCT the path length of the
detected photons 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 [5]. For
Doppler OCT flow measurements it has been shown theoretically [6], with Monte Carlo (MC)
simulations [7], and experimentally [8] 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 [9], 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 rate. This effect is called dependent scattering; a dependence
of the scattering strength on the separation between the particles. In this case the scattering
coefficient u, does not follow the linear relation u; = Coy, but instead the Mie scattering cross
section o, depends in a complex way on particle concentration C and therefore the relation
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us = Coy(C) holds. As already shown in other light scattering experiments [10,11] dependent
scattering leads to a reduction in the scattering rate can thus lead to a decrease of the OCT signal
attenuation.

Here, we present Doppler OCT measurements on Intralipid solutions under flow. The
Intralipid solutions have varying scattering strength. The Doppler OCT attenuation and flow
profiles are compared to MC simulations. The effects of multiple and dependent scattering in
Intralipid on the OCT signal attenuation and Doppler profile are separated and quantified.

2. Materials and methods
2.1 Doppler Optical Coherence Tomography

The OCT experiments are conducted on a home-built spectral-domain OCT system based on
single mode fibers (SMF-28). A schematic of the set-up can be seen in Fig. 1. The light source
is a B&W Tek superluminescent diode light source with 7 mW output power, 40 nm optical
bandwidth, and a center wavelength of 4. = 1300 nm. Via a circulator the light is coupled into a
90/10 beamsplitter, we have 4.5 mW output power at the sample for all measurements. There
are polarization controllers in both sample (90%) and reference arm (10%). An XY scanner is
mounted on the sample arm and with a lens (NA = 0.02) the light is focused at 250 micron
below the zero delay point. The zero delay point is 200 um in front of the scattering medium.
The back reflected light is redirected through the optical circulator to the spectrometer. The
spectrometer consists of an achromatic collimator lens (f = 70 mm) that directs the beam on a
volume transmission grating (Wasatch Photonics, 1145 lines/mm). The collimated beam is
imaged with a lens doublet, consisting of an achromatic focusing lens (f = 400 mm) and a
singlet lens (f = 150 mm), onto a 46 kHz CCD linescan camera (Sensors Unlimited SU-LDH-
1.7RT/LC). In software, the acquired spectra are processed in the following order: 1) reference
arm spectrum subtraction 2) dispersion compensation 3) spectral resampling to k-space.

J\ Circulator

Reference

arm H
Polarization ' .I

Super controllers
luminescent i
diode
scanmer
Perfusion
pump
Linescan
Camera
Grating

Fig. 1. Schematic overview of the spectral-domain Doppler OCT set-up used in the experiments.
Doppler OCT measurements are performed without scanning the beam. More details about the
various OCT components can be found in the text.

We achieve a depth resolution of 18 pm and a maximum sensitivity of —97 dB (both
measured at 200 um depth). The OCT 6 dB signal roll-off point is at 1500 pm depth. A-line
measurements are performed at the maximum line rate; 1056 A-lines are averaged per
measurement. The measured OCT signal amplitude is corrected for the confocal point spread
function [12] and the system depth sensitivity. Optical path lengths are converted to physical
depth by dividing the optical path length with an effective index based on the particle (n = 1.46,
soybean oil) and water volume fraction (n = 1.32) [13,14]. The OCT signal attenuation
coefficient is determined by a 2-parameter single exponential fit (attenuation rate and
amplitude) over the region of the cuvette. It has been shown that this is a simple and valid
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model for the OCT signal attenuation [15]. The fitted attenuation coefficient is converted to y;
by subtracting the Intralipid concentration dependent optical absorption (0.136 mm™" at 1300
nm wavelength for water [16] and negligible for the solid part of the Intralipid).

The phase stability of the OCT system is measured from the peak of a single mirror
reflection and is 1 degree per 16 ms. The Doppler frequency is determined by calculating the
incremental phase change per A-line [17]. The measured Doppler flow profiles are fitted
between the boundaries of the cuvette with two models. First, a 1-parameter parabolic flow
model: V(d) = V,.(1-(1 -(d/r))z), with V.., the maximum amplitude of the flow, d the depth
calculated from the glass/Intralipid interface and r is one half of the cuvette channel width.
Second, a 3-parameter non-symmetric fit model that consists of a parabola and additional
polynomial terms: V(d) = V. (1-(1-(d/r) ) + ad + ﬂdj, with V,,.,0,and f fit parameters. The
measurement and fitting procedure of the OCT attenuation and Doppler OCT flow are repeated
five times for every Intralipid concentration to calculate the standard deviation of the measured
scattering coefficient and of the fit parameters of the Doppler OCT flow profile.

As a scattering medium we use dilutions of a single batch of 20 weight% Intralipid
(Fresenius-Kabi) with distilled water. The Intralipid (particle) volume concentration is
calculated by assuming that only the soy-bean oil and the eggphospholipid are in the solid state,
with the rest of the constituents (glycerol and water) in solution [14]. Flow is generated by a
precision syringe pump (Perfusor fm, B. Braun AG) that pumps the Intralipid solution at a flow
of 50 ml/h through a 500 um thickness glass flow cuvette (n = 1.43). The glass flow cuvette is
mounted at an angle of 71.6 + 0.7 degrees relative to the incoming beam. The measured flow
fluctuates slowly with ~10% in time. For this flow rate and Doppler angle we obtain a laminar
flow with a Doppler frequency far below the maximum Doppler frequency (<13% of half the
maximum A-line rate) to avoid phase-wrapping, non-linear effects [18], and/or an
underestimation of the flow [19].

2.2 Monte Carlo simulations

MC simulations are performed using a parallel (message passing interface based) MC code for
light propagation in multilayered scattering media [20] using a computer cluster system based
on Intel Xeon 3 GHz processors. For the calculation of a single OCT A-line the trajectories of
10" photons are generated and analyzed. The incoming photons are modeled in the form of a
pencil beam. Photons are assumed coherent if their single pass optical pathlength is within half a
coherence length of their maximum depth (weighted by a Gaussian). The outgoing coherent
photons are detected using a Gaussian beam geometry finite size detector located at the focal
distance from the medium under study. More details on the MC code and the OCT signal
simulation can be found in Ref [7]. The experimental conditions are matched by taking the
parameters as shown in Fig. 2. The Intralipid is modeled by parameters u;, t,, and the scattering
anisotropy g. For the scattering coefficient the experimentally measured scattering coefficient y;
is used, thereby taking dependent scattering into account. For the absorption coefficient u,, the
water concentration dependent absorption is calculated (see section 2.1). In the calculations we
neglect any effect of the varying Intralipid concentration on the coherence length (through
absorption and refractive index) and on the scattering anisotropy.
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Fig. 2. Schematic overview of the MC simulation parameters. The coherence length of the source
is given by /., the Gaussian beam waist at the focal position is given by wy.

3. Results
3.1 OCT signal attenuation

Figure 3(a) shows a single average A-line OCT measurement (no lateral scanning) for three
different Intralipid solutions during flow. The data are plotted with OCT amplitude on a
logarithmic scale, with an offset between the different measurements to facilitate a comparison.
As can be seen, the OCT signal attenuates more or less as a single exponential over the full
depth of the cuvette for all Intralipid concentrations. From a single exponential fit to the data
(assuming single scattering only) the scattering coefficient u, is determined and plotted against
Intralipid (particle) volume concentration in Fig. 3(b). Interestingly, instead of the expected
linear increase of u; with Intralipid concentration, we observe a strong non-linear increase of y;
with increasing Intralipid concentration. The OCT attenuation coefficient saturates at ~5 mm’"'
for 23 vol.% Intralipid.

@]  s5tm - + ]
E. 106r 1 + + +
g 23 vol.% | s '
: 10
£ Eal S .
= 7 vol.% e
m 10
) e 2t ot J
i 7 s
J 10 " 1L d
o Icuvette boundariesl E é‘
102 " " 1 1 . " i o . 1 1 " n 1 i
0 250 500 750 1000 0 5 10 15 20 25
Depth {(pm) Intralipid concentration (vol.%)

Fig. 3. (a) OCT signal attenuation versus depth for varying Intralipid concentration. (b) Measured
average scattering coefficient pu, for varying Intralipid concentration (u, data obtained from the
OCT signal slope is corrected for water absorption). The error bars depict the standard deviation
of the measurement (N = 5).

3.2 Doppler OCT signal

Figure 4 shows single average Doppler OCT profiles, which are measured simultaneously with
the attenuation measurements presented in Fig. 3(a). As expected, for low Intralipid
concentration, the flow profile between the borders of the cuvette is a parabola; however the
parabolic flow profile becomes strongly asymmetric for higher Intralipid concentrations. This
effect can be most clearly seen at the deepest cuvette wall (second minimum of the parabola).
At this position the flow boundary condition requires the flow to be zero, which indeed would
have been measured in case only single scattering is present. Instead, the Doppler frequency at
the deepest cuvette wall increases with increasing Intralipid concentration. We attribute this to
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multiple scattering, where photons with a pathlength equal to the single backscattered photons
are also detected, but where these photons have experienced multiple scattering events.
Consequently, the average Doppler frequency of the photons with this pathlength increases.

For higher Intralipid concentrations the phase noise in the Doppler signal increases for larger
depths. However, since the flow cuvette is thin, the signal to noise ratio is relatively high for all
depths. Therefore, the phase noise fluctuations are relatively small and we can accurately
determine the Doppler frequency for all depths and for all Intralipid concentrations. In addition,
we have also observed the same deviations in the measured flow profile with the zero-delay
point at the back of the cuvette. In this case the signal to noise ratio is much higher for the larger
depths and any effect of a reduced signal to noise ratio is much smaller.

Doppler OCT signals also can be observed for depths less than 150 um and larger than 670
um. For these depths there are no scatterers present in the sample and therefore these signals are
measurement artifacts. Both artifact signals are absent when the reference arm is blocked. The
shallower depths are attributed to the DC background signal in the OCT measurement, which is
Doppler shifted (see Fig. 3(a)). The larger depths are attributed to multiple scattering in the
cuvette resulting in optical paths that are longer than the cuvette length. From the OCT signal at
these depths and the noise in the Doppler OCT data it can be observed that these signals are
caused by very few photons on the detector. For blood a similar effect was observed, see Ref
[8]. In many cases in literature these signals are removed from the Doppler measurement by
thresholding the Doppler OCT data with the OCT signal magnitude (e.g. see Ref [21].).

5k cuvette boundaries 0 2 vol.% <
-1
4tk s ps=1 mm
3
2
G 1
N
1 ]
x5
S
§ 4
33
g
22
g1
[=5 3
% 0 : % =
a st 23 vol.% 1
4} p.s=4.9 mm
3t
2k
1}
o

500 1000

Depth (um)
Fig. 4. Doppler OCT measurement for three Intralipid concentrations with the measured
indicated. The flow profile is fitted between the boundaries of the cuvette (minima of the flow

profile) with two models; the fit functions are shown in the graph. Doppler OCT signal artifacts
can be observed for depths smaller than 150 um and larger than 670 pum.

To facilitate a quantitative analysis of the measured Doppler OCT flow, the flow profiles are
fitted with two models. As can be clearly observed in Fig. 4, for low Intralipid concentrations,
both the 1-parameter parabola model and the 3-parameter model yield a good fit to the data. For
the higher Intralipid concentrations the 1-parameter model shows a poor fit, whereas the 3-
parameter model fits well to the data, clearly demonstrating the asymmetry of the measured
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flow profile. From the fits to the data we can quantify three effects of multiple scattering on the
measured Doppler OCT flow profile for increasing Intralipid concentration:

1) the measured position of the peak of the flow velocity shifts to a larger depth; (8 +2)%
increase relative to the center for 23 vol.% Intralipid

2) the measured flow velocity increases at the back end of the cuvette; (40 + 3)% of the
measured peak flow for 23 vol.% Intralipid

3) the peak flow velocity of the 1-parameter parabolic fit overestimates the measured
Doppler peak flow; (5.3 + 0.6)% for 23 vol.% Intralipid

3.3 Monte Carlo simulation of the OCT signal attenuation

To determine the interplay between multiple and dependent scattering on the Doppler OCT
signal, we compare the experimental results with MC simulations. Figure 5 shows the simulated
OCT signal as a function of depth, with the measured u; for three Intralipid concentrations as
input (u, = 0). As can be seen, the simulated OCT signal decay is close to the expected
scattering coefficient u,, but for all Intralipid concentrations the slope of the single exponential
part of the simulated OCT attenuation is slightly lower than the input u; (~13%), as indicated on
the right hand side of Fig. 5. The construction of the OCT signal is clarified by sorting the
detected photons into different classes related to the number of scattering events per photon.

-
T

e
-
T

0 200 400 600
Depth (pm)

OCT signal amplitude (arb. units)

Fig. 5. Monte Carlo simulations of the OCT signal attenuation in depth for varying Intralipid
concentration. The simulations are performed with u, = 1, 2.9, 4.9 mm™, for 2, 7, and 23 vol.%
Intralipid, respectively. Indicated on the right are the effective OCT attenuation coefficients
obtained for these simulations.
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Fig. 6. Monte Carlo simulation of the OCT signal attenuation for 23 vol.% Intralipid. The sum of
the OCT signal is decomposed into classes related to the number of scattering events per photon
(indicated). For single backscattering the attenuation is equal to the input u,. Multiple scattering
adds signal to the OCT signal amplitude thereby decreasing the scattering coefficient from u, =
49 mm™ to4.2 mm™.
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Figure 6 shows the construction of the OCT signal attenuation for 23 vol.% Intralipid in
more detail. As can be seen, the single (back) scattered photons have an attenuation of ug, as
expected. Yet, due to the finite collection numerical aperture and coherence length, multiple
scattered photons are also detected. For depths larger than 200 um the number of multiple
scattered photons (scattered more than 1 x ) 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 single backscattered photons leads to a decrease of the attenuation rate compared
to u,. Therefore the OCT signal attenuation becomes slightly non single exponential as it
changes from mainly single backscattering (depth < 200 pm) to mainly multiple scattered (depth
> 200 um). With some difficulty, the non single exponential attenuation can be observed in the
experimental data, however due to experimental inaccuracies from the point spread function
correction and fluctuations of the signal (see the vertical error bars in Fig. 3(b)) we could not
quantify the non single-exponential OCT attenuation in our measurements. Nevertheless, we
achieved a relatively good single-exponential fit for all Intralipid concentrations. From the MC
simulations we derive that the measured OCT signal attenuation slope is ~87% of the single
scattering coefficient. The single scattering coefficient u; is thus 0.87"' = 1.15 times higher than
the values shown in Fig. 3(b).

3.4 Monte Carlo simulation of the Doppler OCT signal

Next, we perform MC simulations of the Doppler OCT signal, and include u, in the MC
simulations. The input u, for the MC simulation is increased with 15% relative to the measured
U so that the simulated OCT signal attenuation rate is in agreement with the experimentally
determined scattering coefficient (see Fig. 5). Figure 7 shows the simulated OCT Doppler signal
for three different Intralipid concentrations with a normalized input flow. It demonstrates that
for increasing Intralipid concentration the flow maximum shifts to a larger depth ( + 9% relative
to the center) and that the Doppler frequency at the back end of the cuvette increases ( + 40% of
the peak flow), both are observed in our measurements. 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).

¥ 4
2 vol.% |

E 1.0 .- p=1 mm” |

= — 7 vol.%

c 0.8} g p=3.4mm*

_& - —— 23 vol.9%

o 0.6 .- p=56mm" .
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g 0.4} -

E 4 -

E 0.2} .

S | :

Z o.ok . input flow proﬁle\\ ]
(4] 200 400 600

Depth (um)

Fig. 7. Monte Carlo simulation of the Doppler OCT signal for varying Intralipid concentration
(indicated). The input flow profile is indicated by the dashed line. The effects of increasing
amounts of multiple scattering are indicated by the arrows. They are: a decrease of the measured
peak flow, a shift of the measured peak flow to a larger depth, and an increase of the measured
flow deeper into the sample.
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The Doppler frequency MC simulations are compared to the experimental OCT data in
Fig. 8. Both the experimental data and the simulated Doppler frequency data are normalized.
Figure 8 shows the good agreement between the MC simulation and the measurements.
Especially the offset of the flow at the deepest cuvette wall increases with Intralipid
concentration in accordance with the measurements.
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Fig. 8. Comparison between experimental Doppler OCT data from Fig. 4 (dots) and the MC

simulations (dashed line) for three different Intralipid concentrations (indicated). The
experimental and Monte Carlo Doppler data are normalized prior to comparison.

4. Discussion

We performed a systematic study of OCT signal attenuation and the Doppler OCT signal in
flowing Intralipid solutions with varying scattering strength.

4.1 OCT signal attenuation

We showed the effect of Intralipid concentration on the single exponential decay of the OCT
signal attenuation. From a comparison of our OCT measurements and MC simulations we
conclude that for all Intralipid concentrations the single scattering coefficient u; is 15% higher
than the measured OCT signal attenuation rate due to multiple scattering effects. Consequently,
the single scattering coefficient u, versus Intralipid concentration shows a behavior similar to
that in Fig. 3(b), but is 15% higher. Additional MC simulations by us (not shown) have revealed
that the OCT signal attenuation slope depends also on the g factor. The 15% difference between
the single scattering coefficient u; and the measured OCT attenuation rate increases rapidly for
g factors increasing from 0.33 to 1. An additional parameter effecting the OCT signal
attenuation is the coherence length /. of the source. An increase of the coherence length causes
an increase of the number of multiple scattered photons in the OCT signal and thus leads to a
decrease of the OCT signal slope. Therefore, the difference between the single scattering
coefficient u, and the measured OCT signal attenuation rate increases. However, the
dependence on the coherence length in general is less strong than the dependence on the g
factor. Therefore, for an accurate determination of the single scattering coefficient u, in a
medium with high g factor, multiple scattering has to be further suppressed by using a shorter
coherence length, and/or a stronger confocal gate with focus tracking.
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Our determination of the single scattering u; clearly demonstrates, for the first time to our
knowledge, the effect of concentration dependent scattering on the single scattering coefficient
us measured with OCT. We attribute this non-linear increase to coherence effects of light
scattered simultaneously from particles that are close together. For higher Intralipid
concentrations the coherent addition of light results in a reduced amount of light that scatters out
of the beam, thereby decreasing the optical attenuation in the medium. In other words, the
scattering cross section in the high density medium decreases relative to the single particle
(Mie) scattering cross section. This effect was already observed by Zaccanti et al. [11] in optical
transmission measurements of Intralipid, but also has been investigated by many others, e.g. see
Refs [10,22,23]. and references therein. Dependent scattering significantly reduces the
scattering coefficient for high density media, thereby reducing multiple scattering effects and
increasing the OCT imaging depth. In contrast to the linear extrapolation u; = Co, that many
people use for Intralipid [13] and other scattering media, one should be cautious in estimating
the optical signal attenuation for high density media. The effect of dependent scattering is
determined by the microscopic environment of the scatterers which can be quantified for well-
defined model systems, such as monodisperse non-interacting spheres, but is difficult to
quantify for biological systems where these effects will vary from position to position
(depending on the microenvironment of the scatterer).

Note that we neglected any dependence of the scattering anisotropy g on the Intralipid
concentration in our simulations. As shown by Zaccanti et al. [11] this effect is small and we
expect it to be even smaller for g = 0.33 at 1300 nm wavelength.

4.2 Doppler OCT signal

Experimentally and with MC simulations, we have shown the effect of multiple scattering on
the OCT signal attenuation slope and on the Doppler OCT flow in Intralipid. The fact that we
get a 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.

Evidently, the main application for Doppler OCT are in-vivo blood flow measurements. For
blood, the scattering rates are much higher than for Intralipid, thereby increasing multiple
scattering effects. However, the scattering anisotropy is also much larger, and consequently, the
Doppler frequency shift for a (multiple) forward scattering event is much smaller. From MC
simulations for blood we have observed that multiple scattering effects on Doppler blood flow
measurements can be significant, however, the precise magnitude of this effect is still to be
determined experimentally.

5. Conclusion

This work describes the influence of both multiple and dependent scattering effects on the
Doppler OCT signal in Intralipid. Although a good understanding of light scattering in high
density media is very challenging, we do believe that with a correct analysis, either theoretical
or with MC simulations, accurate quantitative tissue and flow parameters can be determined.
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