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Abstract. Laser speckle-based techniques are frequently used to assess microcirculatory blood flow. Perfusion
estimates are calculated either by analyzing the speckle fluctuations over time as in laser Doppler flowmetry
(LDF), or by analyzing the speckle contrast as in laser speckle contrastimaging (LSCI). The perfusion estimates
depend on the amount of blood and its speed distribution. However, the perfusion estimates are commonly given
in arbitrary units as they are nonlinear and depend on the magnitude and the spatial distribution of the optical
properties in the tissue under investigation. We describe how the spatial confinement of blood to vessels, called
the vessel packaging effect, can be modeled in LDF and LSCI, which affect the Doppler power spectra and
speckle contrast, and the underlying bio-optical mechanisms for these effects. As an example, the perfusion
estimate is reduced by 25% for LDF and often more than 50% for LSCI when blood is located in vessels
with an average diameter of 40 um, instead of being homogeneously distributed within the tissue. This significant
effect can be compensated for only with knowledge of the average diameter of the vessels in the tissue. © The
Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part

requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JB0.22.10.106005]
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1 Introduction

Tissue vitality is strongly dependent on a functional microcircu-
lation. Deficiencies in this circulation can result in ischemic con-
ditions with an increased risk for tissue necrosis. With optical
techniques, such as laser Doppler flowmetry (LDF)!' and laser
speckle contrast imaging (LSCI),” it is possible to objectively
assess both spatial and temporal variations in the microcircula-
tory perfusion. Other optical techniques, where differences in
the absorption characteristics of oxygenized and deoxygenized
hemoglobin are utilized, enable the quantification of blood oxy-
gen saturation.>*

Common for most of these techniques is the challenge to
make quantitative estimations of the microcirculatory parame-
ters in the presence of other confounding components in the tis-
sue. This includes not only the tissue composition of scattering
and absorbing compounds but also the spatial distribution of tis-
sue optical properties. Simulating photon propagation in layered
tissue using the Monte Carlo technique clearly shows that a non-
homogeneous layer distribution of the optical properties affects
the amount of backscattered photons.’~’ Similarly, when confin-
ing blood to vessels rather than assuming a homogeneous dis-
tribution, a significant effect on photon propagation and the
amount of backscattered light can be noted.”'°

A common way to account for intra- and interindividual
variations in optical and geometrical properties is to make
use of algorithms based on inverse modeling.'"™'* In order to
make these algorithms effective and informative, the simulation
of photon propagation needs to be accurate. In addition, the bio-
optical model needs to be representative for real tissue and

*Address all correspondence to: Ingemar Fredriksson, E-mail: ingemar.
fredriksson @liu.se
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detailed enough to account for all effects that significantly affect
the backscattered photons. Leaving out model parameters with a
significant impact on photon transport will not only result in an
increased model misfit but also in a decreased accuracy in other
estimated parameters.”® Hence, the vessel packaging of absorb-
ing hemoglobin needs to be taken into account when analyzing,
e.g., the diffusely backscattered optical spectrum from skin
using white-light spectroscopy.”!? Similarly, the vessel packag-
ing of moving red blood cells affects how photons are Doppler
shifted. Hence, to properly consider this effect when analyzing
optical signals originating from Doppler shifts (in, e.g., LDF and
LSCI), an accurate model for vessel packaging of moving scat-
terers is needed.

We have previously shown that it is possible to accurately
model laser Doppler power spectra in LDF using a multilayered
tissue model.'>!*"!® The vessel packaging effect in this model is
further described and evaluated in this article. We have also
shown how the speckle contrast can be calculated from the
Doppler power spectrum,'” a fact that facilitates the investiga-
tion of the vessel packaging effect for LSCI.

During recent years, there has been an increased interest in
studying how LSCI depends on various parameters, including
optical and geometrical properties as well as the flow pat-
tern.'”2° This paper is a continuation of that work that will ulti-
mately lead to a better understanding and refined methods to
translate the measured contrast into accurate perfusion measures.

The aim of this paper is to present a model for the vessel
packaging effect in LDF and LSCI. The model is intended to
be used when postprocessing Monte Carlo simulated data
from tissue models where the blood is homogeneously distrib-
uted, rather than using models, where each and every vessel
diameter is individually assessed. We describe the mechanisms
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that account for the effect and how it affects the conventional
perfusion estimates generated by the techniques.

2 Theory and Methods

2.1 Definition of Average Vessel Diameter

Throughout this paper, the volume-weighted average vessel
diameter is considered, rather than the number-weighted aver-
age. Hence, if we have four vessels with a diameter of 10 ym
and one with the diameter of 20 ym within a certain volume, all
with the same length /, the average vessel diameter of those five
vessels is 15 um rather than 12 ym. Although not explicitly
defined, the same interpretation of the average vessel diameter
is done in previous papers on the topic, for example, Svaasand
et al.,® van Veen et al.,” and Fredriksson et al.'®

2.2 Modeling Doppler Spectra

Laser Doppler power spectra were calculated from tissue mod-
els, as previously described in Fredriksson et al.,'? outlined in
the flowchart in Fig. 1. The calculations were based on three-
layered models of skin tissue with one epidermis layer of vary-
ing thickness (fp;), one upper dermis layer with a fixed thick-
ness of 0.2 mm, and one lower dermis with an infinite thickness.
The reduced scattering coefficient (i) was the same for all three
layers. The epidermis layer contained a varying volume fraction
of melanin (f ) as absorber and no blood, whereas the dermis
layers contained blood of varying volume fraction (fyjo0q.1 and
Solood,2), hemoglobin oxygen saturation (Sq, ), flow speed distri-
bution (P,), and average vessel diameter (D). The light absorp-
tion in the epidermis layer (u,() was given by the melanin,
whereas the absorption in the dermis layers (u,; and ;)

was given by the volume fraction of blood and its oxygen sat-
uration at the given wavelength.

The three-layered model was Monte Carlo simulated for vari-
ous epidermis thicknesses and reduced scattering coefficients,
where the pathlengths for all detected photons were stored
and analyzed as pathlength distributions for each layer. For
the three-layered model, six pathlength distributions were cre-
ated, one describing the pathlength for light that had only been
propagated in the first layer, one distribution over pathlengths in
the first layer for light that had been propagating in the two first
layers, and so on. The Monte Carlo simulations in Ref. 12 were
based on a setup with optical fibers, but the same principle was
used in this study for a camera setup with even illumination.

The effect of absorption, blood flow speed distribution, and
average vessel diameter was added in a fast postprocessing step.
In short, the intensity from each pathlength was reduced by
applying Beer—Lambert’s law with the given absorption in
each layer. Single shifted optical Doppler spectra for each
speed v in the speed distribution were calculated, as described
in Fredriksson and Larsson.!” These spectra were then succes-
sively cross-correlated taking into account different degrees of
multiple Doppler shifts; i.e., the optical Doppler spectrum for
light Doppler shifted exactly two times was calculated as the
autocorrelation of the single-shifted spectrum, the spectrum for
light shifted exactly three times was calculated as the two-times
shifted spectrum cross-correlated with the single-shifted spec-
trum, and so on. The optical Doppler spectrum for non-Doppler
shifted light was given by the Dirac delta function (i.e., all
energy located at frequency 0).

The resulting multiple Doppler shifted spectra were calcu-
lated using the shift distributions, i.e., the distributions over
the number of Doppler shifts the light undergoes for each path-
length in the pathlength distribution. First, a distribution over
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Fig. 1 Flowchart for calculating a Doppler power spectrum from the three-layered model with a given set

of parameters.
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the number of Doppler shifts the light undergoes when crossing
a single vessel is calculated. That distribution can be approxi-
mated by a Poisson distribution with the expectation value
approximated by the average vessel diameter D times the scat-
tering coefficient of blood g pgoq = 222 mm~:

Agnifis = DHs blood- (D

That distribution is used for calculating an optical Doppler
spectrum for each speed in the speed distribution representing
the spectra for passing through a single vessel. In reality, some
light will cross the vessel in the periphery of the vessel, i.e., with
a photon path shorter than the diameter, whereas some light will
cross the vessel with a rather flat angle, i.e., with a path longer
than the diameter. However, simulations have shown that a
Poisson distribution with the expectation value given in Eq. (1)
is a good approximation.

A second distribution was then calculated describing the
number of vessels the light passes. For a given pathlength d,
the number of vessels that the light passes through can be
described by a Poisson distribution with the expectation value:

. dfplood
Nyessels — T ’ (2)

where f0q 1S the volume fraction of blood in the layer. This is
intuitive, since the number of vessels scales with fio0q/D?
whereas the probability to cross a vessel for a constant number
of vessels scales with dD.

For light that had been propagating in both blood layers, the
resulting optical Doppler spectrum was calculated as the cross-
correlation of the spectra from the first and second blood layers.
The final optical Doppler spectrum was then calculated by
weighting the optical Doppler spectra from the light that had
been propagated in only the first layer, the first and second
layer, and all three layers, depending on the intensity. The
Doppler power spectrum P(f) was finally calculated as the
autocorrelation of the optical Doppler spectrum. A detailed

Table 1 Average, standard deviation, and median values of the
model parameters in the 2000 random models. Row four is the aver-
age blood fraction in the two layers, whereas row five denotes the
relationship between the blood fraction in the two layers. The two
last rows give the average speed of the speed distribution P, and
the width of the speed distribution in relation to the average speed,
respectively.

mathematical description of the calculations of the Doppler
power spectrum is found in Fredriksson et al.'?

At first, a standard setup of the three-layered model was
used. This standard model had an epidermal thickness of
75 um, a reduced scattering coefficient of 3.0 mm™! (anisotropy
factor g = 0.8), and absorption coefficients of 0.15, 0.0043, and
0.0043 mm™! for the epidermis layer and the two blood layers,
respectively. The distribution of flow speeds had an average
speed of 1 mm/s and was decreasing with speed. The vessel
diameter parameter D was varied between 5 and 100 xm.

In order to evaluate the vessel packaging effect in the more
general case, 2000 three-layered models with random parame-
ters fepis Hss fmels fblood.1> fblood.2s So,> and P, were generated.
The distribution of the parameters in these 2000 models is sum-
marized in Table 1.

2.3 Validation Simulations of Discrete Vessel
Models

Two validation models were created and Monte Carlo simulated.
Both models consisted of a homogeneous semi-infinite scatter-
ing layer with a refractive index of 1.4 and a reduced scattering
coefficient ! of 2.0 mm~! containing various amounts of ves-
sels (cylinder shaped) oriented parallel to the surface with ran-
dom directions in that plane. The vessels all had a length of
20 mm and were randomly but homogeneously (on a large
scale) distributed within a radius of 6 mm from the central axis
of the model, at a random depth between 0 and 5 mm. The light
source had a diameter of 1.0 mm and illumined the model per-
pendicularly. All photons that were backscattered from the
model within a radius of 3 mm and an angle of 0.3 rad were
detected. The medium outside the modeled tissue had a refrac-
tive index of 1.0. Hence, a part of the light was refracted in
the surface and not detected. The blood in the vessels had a
scattering coefficient yg of 222 mm™' and a Gegenbauer kernel
scattering phase function’® with parameters ag, = 1.0 and
gk = 0.984, resulting in an anisotropy factor g of 0.991 and
a reduced scattering coefficient y! of 2.0 mm™'. The absorption
coefficient u, of the blood was set to 0.5 mm~!. These optical
properties are valid at 780 nm for 50% oxygenated blood with a
hematocrit of 43% and a mean cell hemoglobin concentration of
345 g/l RBC.!*1

The first model contained 200 vessels all with a diameter of
50 um. All vessels had a parabolic flow profile with average
velocity of 1 mm/s (2 mm/s in the axial center of the vessel,
0 at the periphery). The blood vessels occupied 0.61% of the
sampling volume in the model.

The second model contained 2000 vessels with vessel diam-

Average Standard deviation Median eters having a volume weighted gamma distribution. The aver-
age velocity in the vessels was proportional to the diameter
tepi () 101 62 89 squared so that, for example, a vessel with a diameter of 50 ym
ul (mm=) 20 0.6 19 had an average velocity of 2 mm/ s and a vessel with a diameter
of 10 um had an average velocity of 0.08 mm/s. The speed pro-
el (%) 2.3 25 1.5 file within each vessel was parabolic. The average vessel diam-
eter in the model was 33 um with a standard deviation of 25 ym.
(fbiood,1 + fbiod,2) /2 (%) 1.0 0.7 0.9 The blood vessels occupied 1.0 % of the sampling volume in the
fooa 1/ forooaz () 10 05 10 modpl and. the average ﬂow.speed was 1:0 mm/s. A cross-
sectional view of this model is shown in Fig. 2.
So, (%) 50 29 50
v (mmis) 12 0.8 1.0 2.4 Laser Speckle Contrast Calculation
In LSCI, the speckle contrast is used to estimate blood per-
std(v)/(v) (- 1.9 1.0 1.6 ’
W/ O fusion. Fredriksson and Larsson!” have previously described
Journal of Biomedical Optics 106005-3 October 2017 « Vol. 22(10)
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Fig. 2 Cross-sectional view of the simulated model with a gamma
distribution of vessel diameters. The 1-mm diameter light source is
shown in the top of the image. The dark ellipsoids represent cross-
sections of vessels, where the elongation of the ellipsoid depends
on the angle relative to the cross-sectional plane.

how the speckle contrast can be calculated from a simulated
Doppler power spectrum P(f). In short, the intensity correlation
function is calculated as

g3 (@) = |FH{P()}. 3)

where 7! is the inverse Fourier transform, f is frequency, and
7 is time. Using an extension of the Siegert relationship,?>%
valid for nonergodic medium, such as tissue, where only a
fraction of the light has been Doppler shifted, gives the field
correlation function:

g0() = 1+ ¢9(2) - g2(0). )

From this relationship, the speckle contrast K as a function of
exposure time 7T is given by**%

T
o) =2 [1g70F (17 )ar ®
0

where f is the coherence factor set to unity in this study.

2.5 Perfusion Estimates

In commercial LDF systems, the perfusion value is calculated
from the first moment of the Doppler power spectrum, i.e.,

Fmg
fP(f)df. (6)

In commercial LSCI systems, the perfusion value is calcu-
lated from the contrast K at one single exposure time, for
example,’

1
b @)
where n usually equals 1 or 2. In this study, the perfusion esti-
mate calculated using Eq. (7) is calculated for contrasts for an
exposure time of 6 ms.
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3 Results

3.1 Vessel Packaging Model Validation

Comparisons between optical Doppler spectra generated from
the discrete vessel validation simulations (Sec. 2.3) and those
calculated from the model described in Sec. 2.2, are found in
Fig. 3, where “simulated” refers to the validation simulation and
“modeled xx um” refers to calculated spectra from the model in
Sec. 2.2. Corresponding comparisons of contrast as a function of
exposure time are also shown in the same figure. In the first
example, the validation simulation model contained 200 vessels,
all with a diameter of 50 ym. The second validation simulation
contained 2000 blood vessels with a gamma distributed diam-
eter and diameter dependent flow speed, with an average diam-
eter of 33 ym. To demonstrate the accuracy of the proposed
vessel packaging model, spectra were calculated using a homo-
geneous model (0 ym epidermis, same tissue fraction of blood
in both dermis layer) with the same optical properties, speed
distribution, and volume fraction of blood as that used in the
validation simulations. To further demonstrate the vessel pack-
aging effect, spectra were calculated from the homogeneous
model using both the average diameter from the validation sim-
ulations and an infinitely small vessel diameter (0 #m) to mimic
homogeneously distributed blood. Frequencies up to 3 kHz are
shown because clear differences between spectra calculated with
and without inclusion of the vessel packaging effect are foremost
found at low frequencies. However, all Doppler power spectra in
this study contained frequencies up to 25 kHz. The frequency
resolution in the spectra is 49 Hz and the time resolution in
the contrast curves is 0.02 ms. The fraction of non-Doppler
shifted light was 59% in the validation simulation in the first
example (50 ym diameter), which should be compared to 56%
in the homogeneous model including the vessel packaging effect,
and 23% in the model with the homogeneously distributed blood.
Corresponding numbers from the simulation containing a gamma
distribution of vessel diameters in the simulation were 32%, 35%,
and 13%, respectively.

3.2 Effect on Perfusion Estimates

The vessel packaging effect was studied in detail for vessel
diameters ranging from 5 to 100 gm in the standard model
described in the second last paragraph of Sec. 2.2. As shown
in the aforementioned examples, the most obvious change in
the Doppler spectra when changing the vessel diameter is the
fraction of non-Doppler shifted light, i.e., the power of the
zero frequency. For the speckle contrast, the fraction of
Doppler shifted light affects the contrast more pronounced for
long exposure times. In the standard model, the fraction of non-
Doppler shifted light increased from 28% for a vessel diameter
of 5 um to 52% for a vessel diameter of 40 ym. The results for
vessel diameters between 5 and 100 gm can be seen in Fig. 4(a).

By calculating the Doppler power spectrum and the contrast
from the modeled optical Doppler spectra, perfusion estimates
for LDF [Eq. (6)] as well as for LSCI [Eq. (7), n = 1 or 2, 6 ms
exposure time] were also calculated. The relative decrease in the
perfusion estimate for a vessel diameter of 40 ym compared to
the perfusion estimate for a vessel diameter of 5 ym was 26%
for LDF perfusion, whereas it was 55% and 65%, respectively,
for LSCI perfusion calculated with 1/K —1 and 1/K* -1,
respectively, for this particular example. The effect is presented
in Fig. 4(b) for vessel diameters between 5 and 100 ym.
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Fig. 3 (a and b) Optical Doppler spectra and (c and d) speckle contrast as a function of exposure time
from the discrete vessel validation simulation (solid) and calculated from homogeneous model. Spectra
are given when including the vessel packaging effect (dashed) and when not, i.e., modeling homo-
geneously distributed blood (dash-dotted), respectively. In (a) and (c), the simulated model contained
200 vessels with 50 ym diameter. In (b) and (d), the simulated model contained 2000 models with a
gamma distribution of vessel diameters, average diameter 33 ym.

In order to study the vessel packaging effect in more than one
specific example, 2000 random models were generated with
random epidermis thickness, scattering properties, fraction of
melanin, blood tissue fractions, oxygen saturation, and speed
diStribution, i.e., parameters tepi’ MS” fmel’ fblood,l . fblood.Z’
So,, and P,, see Table 1. The LDF and LSCI perfusion estimates
were calculated both when the models contained homogenously
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distributed blood in the layers, and when the blood was modeled
to be located in vessels with 40-um average vessel diameter. The
average perfusion decrease when the vessel packaging effect for
40 um average vessel diameter was included in the model was
25%, 43%, and 52 %, respectively, for LDF perfusion and LSCI
perfusion calculated with 1/K — 1 and 1/K? — 1. There was a
correlation between the magnitude of the vessel packaging
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Fig. 4 (a) Fraction of non-Doppler shifted light as a function of vessel diameter. (b) Relative perfusion
decrease compared to perfusion for 5 um diameter as a function of vessel diameter.
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Fig.5 Vessel packaging effect with a 40-um average vessel diameter
in 2000 random models. The data were sorted according to blood
tissue fraction and divided into 20 groups. The data points represent
the average perfusion change as compared to homogeneously
distributed blood, with the error bars showing the standard deviation.

effect and the blood tissue fraction, where the effect was strong-
est for low blood concentrations. These findings are summarized
in Fig. 5.

4 Discussion

We have shown how laser speckle-based methods are affected
by the fact that blood is confined in blood vessels rather than
being homogenously distributed in the tissue. The magnitude
of the effect is striking, not at least for LSCI where the estimated
perfusion is reduced about 50% when the average vessel diam-
eter is 40 ym as compared to that for homogeneously distributed
blood. The comparison with the Monte Carlo simulations con-
taining 200 to 2000 individual blood vessels shows that we can
model the effect well using the principles described in Sec. 2.2.
The differences seen between simulated and modeled Doppler
power spectra and contrast curves (Fig. 3) depend on some
approximations in the modeling and the random heterogeneity
in the simulated models containing discrete vessels.

The range of vessel diameters used in the simulated models
covers those found in real skin tissue. Braverman?® reports that
the cutaneous microcirculation in the upper dermis contains
arterioles with a diameter of 17 to 26 um, capillaries with
a diameter of 4 to 6 ym, and venules with a diameter of
8 to 26 um. In the deeper dermis, arterioles and the venules
are larger having a typical diameter of 50 ym. Rarely, arterioles
with a diameter of 100 ym can be found.

There are three major causes for the vessel packaging effect
in LDF and LSCI. First, less light is Doppler shifted when the
light is confined in blood vessels rather than being homo-
geneously distributed. Second, light that is Doppler shifted in
vessels is multiple shifted to a higher extent as compared to
a homogenous model. Third, light that is multiple Doppler
shifted within one vessel is Doppler shifted by red blood
cells moving with similar speed, rather than with the speed pro-
file of the whole microvascular model. The third effect may not
be as intuitive as the first and second, but it turns out that it is
important for good agreement with Monte Carlo simulations
with highly different speed in different vessels, for example,
in the model with 2000 individual vessels of varying diameter
and flow speed. It should also be noted that the vessel packaging
in diffuse reflectance spectroscopy is caused by absorption
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effects, which is a different cause. LDF and LSCI are generally
performed at wavelengths with relatively low red blood cell light
absorption, and the vessel packaging effect for these techniques
is therefore not related to absorption.

It is obvious from the results that LSCI perfusion estimates
are more dependent on the vessel diameter than LDF perfusion
estimates. That is because LSCI perfusion is generally more
affected by the amount of Doppler shifted light and less affected
by the size of the Doppler shifts, as compared to LDF
perfusion.!” We have previously shown that LSCI is, in general,
more sensitive to variations in nonflow related tissue parameters
than LDF, such as epidermis thickness, volume fraction of
melanin, and scattering properties.'’

This study shows that it is important to be aware of the vessel
packaging effect in laser speckle-based methods, especially
when comparing measurements from different sites that may
contain vessels of significant different size. In the general
case, it is not possible to estimate the average vessel diameter
in the sampling volume when using LDF and LSCI. Hence, it
will not be possible to compensate for the vessel packaging effect.
An exception is when individual blood vessels are imaged and
their diameter can be approximated, for example, when imaging
the brain with removed skull bone or when using microscopy. In
these cases, strategies for compensating for multiple Doppler
shifts have been proposed by Kazmi et al.?’ and Nadort et al.”®

One possible way of estimating and compensating for the
vessel packaging effect in LDF and LSCI is to merge these tech-
niques with white-light spectroscopic techniques. This has been
demonstrated to function in the Perimed PF 6000 EPOS system
(EPOS is an acronym for enhanced perfusion and oxygen
saturation), where LDF is combined with diffuse reflectance
spectroscopy (DRS) using the same model, as presented in
Sec. 2.2.!2 The average vessel diameter is estimated using
DRS spectra in that system and is thus accounted for in the
estimated speed resolved perfusion.
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