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Abstract. We conducted a study on 861 healthy and sick subjects and demonstrated that some calculated
parameters based on measurement of the dynamic light scattering (DLS) signal from the finger correlate highly
with chronological age ranging from 1.5 to 85 years old. Measurements of DLS signals were obtained during both
occlusion and nonocclusion of blood flow in the finger. For the nonocclusion case we found that the low-frequency
component of the DLS signal significantly correlates with the biological age while the high-frequency component of
the DLS signal resembles the arterial pulse-wave and does correlate with age. However, the most prominent
correlation between the DLS characteristics and age was noted with the stasis stage measurements. We propose
that the observed age-related phenomena are caused by alterations in local blood viscosity and interactions of the
endothelial cells with erythrocytes. Further, a new noninvasive index based on the age-related optical character-
istics was introduced. This noninvasive index may be used as a research and diagnostic tool to examine the
endothelial and thrombolytic properties of the vascular system. © 2012 Society of Photo-Optical Instrumentation Engineers

(SPIE). [DOI: 10.1117/1.JBO.17.8.087002]
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1 Introduction

1.1 Background

Optical methods for assessment of physiological variables of the
blood are used widely in medicine. However, very few of the
existing methods can yield substantial information regarding
the intravascular movement of the red blood cells (RBC) in
the peripheral blood vessels. This information is required for
in vivo assessment of hemostatic processes and endothelial
functioning. It is well known that the vascular wall plays a
key role in coagulation and fibrinolysis.'™ The risk of intravas-
cular clotting may be enhanced by an altered balance between
these two processes in the vascular wall. Two factors that can
affect the functioning of this system are natural aging and
pathological processes, both of which may impair this dynamic
equilibrium.

There was an earlier report on the use of dynamic light
scattering (DLS) for studying hemodynamic and vascular
parameters at different physiological and pathophysiological
conditions in vivo.*> In our previous studies®® we measured
intravascular mobility of RBC as a natural marker of the effec-
tive viscosity of the blood plasma in close proximity to the vas-
cular wall. For this end, we utilized DLS® for measurement of
the RBC diffusion coefficient under the condition of intermittent
stasis. Such a stasis condition is induced by oversystolic occlu-
sion at the measurement location. We used the finger root as a
convenient site to implement this technique. In the so-called
occlusion spectroscopy,'® oversystolic pressure is applied to
the finger root in order to create a state of temporary blood
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flow cessation. During the occlusion stage the optical response
is measured under the pressure cuff or at any other downstream
location.

It was unequivocally shown by using a standard light
transmission and reflection technique' that the arterial blood
being squeezed under the high-pressure cuff is responsible for
the manifestation of the time-dependent optical response. More
specifically, during the stage of blood flow cessation, the light
reflection or transmission signals tend gradually increase in
time. These changes can be expressed in terms of the scattering
and absorption coefficients of the RBCs. The scattering is asso-
ciated with the size of the RBCs or RBC aggregations and the
absorption coefficient is dependent on the hemoglobin oxyge-
nation level. However, both absorption- and scattering-related
parameters provide no information regarding the movement
of the RBCs during the stasis stage. Thus, in order to compre-
hend the dynamic processes occurring during the intravascular
blood stasis, an additional examination technique has to be
introduced.

The DLS approach is a powerful tool to determine the
statistical characteristics of moving scatterers.”! !> The origin
of the DLS signal lies in the addition of a number of randomly
phased contributions of the reflected waves of the coherent light.
The DLS signal is characterized by the temporal pattern created
by an interference of the scattered light by an ensemble of the
moving scatterers. This pattern moves as the scattering particles
move, resulting in the fluctuations of the measured signal. The
intensity fluctuation time scale is determined by the time that
the scatterer has traveled the distance of one wavelength.
Thus, the information about the movement of the scatterers is
encrypted in time domain function.

0091-3286/2012/$25.00 © 2012 SPIE
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In our previous research’ we suggested the use of DLS to
characterize the RBC interaction with the vessels’ walls during
the stasis stage. In this research we compared the characteristics
of the signals obtained from the occluded blood to the charac-
teristics of the signals obtained from the freely flowing blood at
the same measurement site. For further analysis we expressed
the DLS signal in terms of the power spectrum. Out initial sug-
gestion was that the low-frequency component of DLS signal is
contributed mainly by the slowly moving RBCs. These patrticles
are located in close vicinity to the vascular walls and their mobi-
lity is strongly affected by the endothelium-RBC interaction and
local blood plasma viscosity. We assumed, therefore, that the
low-frequency component of the DLS signal will resemble
the DLS signal obtained during stasis.

In this way, the DLS methodology both for freely moving
RBCs and for RBCs suspended in the occluded volume was
applied to elaborate the primary goal of this study, namely to
make an assessment of the interaction between the RBCs and
vascular walls. The adhesion of RBCs to vascular endothelium
is thought to play an important role in the blood circulation and
coagulation process.'> Another important fact is that the very
ability of the endothelium to respond and to ensure the best
theological performances decreases with age.'* Thus, the func-
tion of the endothelium may serve as an important age-related
marker. In current medical and biological studies several
noninvasive age-related vascular markers are employed. For
example, intima-media thickness is associated with the risk of
atherosclerosis and can be examined by imaging techniques.'’
Additionally, a biomechanically derived age-related biomarker
characterizes the arterial stiffness in terms of pulse wave
velocity.'® In this study we introduce a methodology that may
provide the research with an additional vascular marker that is
closely associated with endothelium function in vivo.

1.2 Theoretical Consideration

We consider an ensemble of light-scattering RBC particles,
which are illuminated by the coherent light with the amplitude
E,. The scattered signal is measured by the detector that is
located in close vicinity to the light source. The amplitude of
the measured reflected signal is summed by the N amplitudes
of scattered light by all particles in the measured volume.'!

N
E, = EO . Z GXp[i g ri(t)]’ (1)
i=1

where E| is the field amplitude, and r j(t) is the position vector
of the j’th particle at time ¢.
The measured intensity is defined by

I(t) ~ Em : Ejn (2)

The difference g between the wave vectors of scattered and
incident wave is given by'?

qg=4-7-n-sin(0/2)/4, 3)

where 6 is the scattering angle, n is refractive index of the
plasma, and 4 is the wavelength.

As has been shown in Ref. 7 for the measurement system
where the detector and light source are located very closely,
the summed-up amplitude of the measured signal is mostly con-
tributed by the photons that are backscattered (6 = 180 deg)
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from the RBC. Indeed, the light that is scattered from the
RBC:s is highly anisotropic and most of the radiation is scattered
into the forward direction around a very small angle (less than
4 deg). When the distance between the detector and the light
source is significantly larger than the mean free path of the scat-
tered light, a significant part of the scattered photons can be
redirected into the back hemisphere by a chain of the single for-
ward scattering events (multiple scattering). However, when the
detector is located in close vicinity to the light source, only the
backscattered photons can return to their exit point. We consider
the case that resembles our measurement geometry, where the
backscattering component is dominant, meaning we can set in
Eq. 3) 6 = z making g = 4zan/A.

We are going to consider two different modes of the move-
ment of the RBCs: the stasis mode and the mode of laminar
blood flow. In the first case we are interested in the random
drifting of RBCs suspended in blood plasma, where the most
widely used characteristic of the system is given by the diffusion
coefficient, Dg. For Brownian motion, this characteristic is
described by the Einstein-Stokes equation:’

Dp=Kp-T/(3-7-n-d), 4

where T is the temperature of the suspension, Kp is the
Boltzmann constant, 7—viscosity of plasma, and d is the char-
acteristic dimension of the particle.

Under the nonstasis condition, the RBCs are continually
moving along the length of each blood vessel. In this case
we are interested in the relative motion of the moving particles
driven by the shear forces of the bloodstream.

If T is the measurement time interval, then the normalized
autocorrelation function is derived from the intensity fluctua-
tions by'2

ACF(z) = /0 1) (1 47) - di) A 02 d )

In the simplified case, where only one parameter describes
the system, the ACF exponentially decays’ with characteristic
time 7,:

ACF(t) ~ exp(-1/t,.). (6)

For the particle in Brownian motion, this characteristic
time is dependent'' on the diffusion coefficient and optical
parameter g:

te=1/(2-Dg - ¢*). )

Another extreme situation we examine is the blood flow in
the vessels. In this case the ACF can be expressed in terms of
the variance of the velocity difference across the vessel.!! This
parameter is dependent on the velocity of the blood flow, radius
of the vessel, and viscosity of the blood and plasma. The decay
constant 7. in Eq. (7) will be approximated by'!

t~ (q.<m>)-l. 8)

For the cylindrical vessel with radius R, the velocity profile
V(r,t) can be approximated by’

r

Vo) =Vow - 1= (3) ] 00 @
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where r is the distance from the central of the cross session of
the vessel, ¢(¢) is a periodic function of time, phase related with
respect to the cardiac cycle, K—defines the degree of blunting
or how close the velocity profile to the parabolic form. For small
arterioles K usually varies from 2 to 4 for different kinds and
sizes of vessels. The exact form of the velocity profile will
define ¢, . Since different geometrical locations in the vessels
will contribute differently to the measured signal, the ACF in
Eq. (8) represents the contribution from the geometrical center
of points with equal variance of the differences of the velocity.
The practically measured values of the DLS signal will include
the components from different points and vessels and cannot be
represented by a single exponential decay.

The above considerations yield the conclusion that the DLS
signal in vivo can be used for the estimation of the motion
patterns of the RBC movements for both Brownian movement
and shear rate characteristics, while the underlying physical
mechanisms responsible for the decay of the autocorrelation
function are very different for each case.

In order to calculate the ACF and to decompose this function
as a sum of a few exponents, a statistically significant number
of measurement points have to be accumulated. Practically, in
vivo measurement conditions are strongly affected by motion
artifacts and other dynamic changes inducing time limitations
into the available sampling interval. Therefore, a more robust,
albeit less explicit characteristic has to be used for the analysis
of the results. For this end we used the power spectrum
characteristics.

The spectral density related to the ACF can be given by'?

Pt ) ~ /°° ACF(z,1,) -exp(i - @ -7) - de.  (10)

(&)

The very robust measurable characteristic of the DLS signal
is the variance (VAR) of the detected intensity fluctuation. This
parameter gives the highest signal-to-noise ratio and relates to
the spectral density through Eq. (10). We defined therefore the
integral characteristics by

VAR(t,) / P(o) - do. (11)

From Egs. (8) and (10) it can be seen that VAR is a function
of the sought decay time or times, related to the RBC motion
characteristics. The measured value VAR from Eq. (11) is, there-
fore, an indirect integral characteristic of the z,.

In order to reduce sensitivity to the motion artifacts in
our measurement system, the high-pass analog filtration was
implemented. In addition, in our further analysis we utilized
the digital filters with different response functions. By taking
into consideration these filters we defined S by:

S(t,) = / P@) (@) y(@) do.  (12)

where () is spectral response of the analog instrumental filter
{(w) is the spectral response of the digital filter.

The value S(#.) was found to be a very stable and reprodu-
cible in vivo parameter. According to the measurement mode
(occlusion or free flow), and according to the frequency spectral
function {(w) a few different kinds of the modified functions
S can be defined.

We designated S * (HF) for the S from Eq. (12) where {(®)
is the high-pass filter response and S * (LF) for the low-pass
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filter response. For S * (LF) {(w) was defined by the low-pass
Butterworth filter of 100 and 500 Hz high-pass Butterworth
filter was imposed for the S * (HF).

In order to make the S characteristics usable by clinicians and
biologists, we introduced a new index, SKF, by converting the
S values into parameters with very specific biological meaning.
Based on a significant correlation that has been found in our
study between S and the chronological age, we defined SKF by

SKF(IC) =a;+p - <S(tc)>7 (13)

where a; and f; are the calibration constants, and S from
Eq. (12) is averaged over a predetermined asymptotic interval
of the occlusion stage. The constants a; and f; were derived
from the linear best fit of the measured S and the logarithm
of the subject’s age in the years (AG). S for the occlusion
case is found from Eq. (12) where { = 1. Thus, SKF can be
considered as an optical equivalent of the biological age in
the logarithmic scale.

We also used SKF* for the nonoccluded blood measurement.
The averaging is over all nonoccluding intervals:

SKF* = a; + f; - (§%). (14)

We used SKF x (HP), and SKF * (LP) where S % (HP), and
S (LP), correspondingly, are used instead of S in Eq. (12).

2 Measurement System

The in vivo DLS measurement system (ELFI-TECH3)’ consists
of three parts: the probe unit, the acquisition and processing
system, and the electronic and control unit. The probe unit
includes the 850-nm vertical cavity surface emitting laser, the
pressurizing assembly, detector, and amplifier. The pressure cuff
is controlled by the electronic unit. The laser and the detector are
located under the cuff. The distance between them is 2 mm. The
laser is operated in CW mode. The signal acquisition is done
with the sampling frequency of 16 KHz with the ADC resolu-
tion of 12 bit. The digitized signal is saved in memory of the
processor for further offline analysis.

The measurement process starts when, by means of a pneu-
matic cuff, the oversystolic pressure is applied and blood flow
cessation for the predetermined time interval (Fig. 1).

The stasis-related DLS signal was measured for 20 s during
the occlusion session. At the next measurement session the
system performed automatic measurement without occlusion

Fig. 1 Measurement system where the finger is held at the measurement
position and a pressure cuff is wrapped around the finger.
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Occlusion stage

500

DLS signal in vivo

-500

21.10 21.15 21.20

T (sec)

21.05

Fig. 2 Typical DLS signal measured in vivo during the occlusion stage.

for 15 s. The results of this measurement session were used
for different assessments of the characteristics of the flowing
blood. A typical raw data example that has been measured for
1 s during the stasis session is shown in Fig. 2. The time-
dependent pattern of the intensity fluctuations is originated by
the intravascular movement of the RBCs.

3 Methods

Our study was conducted on 861 healthy and sick subjects (male
and female) ranging in age from 1.5 to 85 years. The research
protocol was approved by the local Helsinki Committee. All
patients were tested with the ELFI-3 device. Measurements
were obtained during sitting or supine position. The sensor
was fixed at the finger base. At the beginning of the measure-
ment the pneumatic cuff was inflated to 280 mm Hg, occluding
all the blood vessels under the cuff and causing the stasis stage.
The cuff was kept inflated for 20 s and then the pressure in the
pneumatic cuff was released. The DLS signal was measured
during this entire interval and stored as a file. Several seconds
after the release of the pressure cuff, the next measurement
session of 15 s was started, and the resulting signals were
detected and stored. All together five measurement cycles were
performed for each patient, two occlusion and three nonocclu-
sion intervals.

The measurement results between the 16 and 20 s of the sta-
sis stage were used for the determination of the power spectrum
and S. The SKF indexes were calculated from Eqgs. (13) and (14)
where S values were averaged overall measurement for a given
patient.

4 Results and Discussion

Initially we analyzed the signals obtained during the occlusion
stage. We chose the time 7 in Eq. (5) to be long enough to make
the statistical analysis reliable. In our processing we took
T =4 s for each point of the occlusion stage.

We found that the S value was highly negatively correlated
with the logarithm of the chronological age (Fig. 3). That is, the
higher the age, the lower the S value.

The coefficients @; and f; in Eq. (13) were adjusted for all
data sets by using an assumption of the linear relationship
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log(age)

Fig. 3 Typical S under occlusion as function of age.

R=0.72

SKF
i

UL T T
000 025 050 075 100 125 150 175 200 225

log(age)

Fig. 4 SKF as function of age.

between S and the logarithm of the age. Then the SKF index
was calculated by using Eq. (14). In Fig. 4 SKF is shown as
a function of log(age). The same results can be represented
in terms of average S, according to the age groups. We represent
the result in terms of S, to show a tendency of exponential decay
of § as a function of age (Fig. 5).

The next results address the measurements sessions without
occlusions. Figure 6 depicts the S * (LF) behavior during the
20-s measurement session. The signal fluctuates without any
noticeable pattern. However, when the same recorded signal
was passed through the high pass filter and S * (HF) was
calculated, a typical pulsatile signal was observed, quite
resembling the PPG pattern of the flowing blood (Fig. 7).

The next example (Fig. 8) illustrates on the same plot how
the S x (HF) and S*(LF) respond to the occlusion event. In this
60-s experiment the occlusion was applied after the 10 s. We can
see that the S x (HF) (dashed line) reveals the pulsatile pattern at
the beginning of the measurement and immediately after the
occlusion event ¢ this parameter drops without any significant
variation until the end of the occlusion. At the same time,
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Fig. 5 S value averaged over every 50 patients as function of age (in
years) resembles the exponential decay.
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Fig. 6 S (LF) during the measurement. No occlusion is applied.

the S (LF) component gradually decreases during the
occlusion.

What is very remarkable is that the sudden blood flow
cessation does not immediately affect the optical response char-
acteristic S * (LF), indicating that this signal is associated with
the very slowly moving RBCs and is not associated with the
flowing blood. This observation led us to check if the S * (LF)
reveals the similar properties with regard to the age, as the
S value derived from the occlusion measurement.

Figures 9 and 10 show the dependence of the average SKF =
(LF) Eq. (9) and SKF x (HF) Eq. (10) being calculated from
Eq. (14). It can be seen that the low-frequency component of
the signal reveals a very significant dependence on the age.
Actually, as seen in Fig. 11, there is a strong correlation between
the SKF measured during the occlusion and SKF # (LF) derived
from the stage of free blood flow.

While the SKF changes rapidly for ages below 30, the high-
frequency component S x (HF) is not sensitive to ages below 30
and has a slight tendency to increase with higher ages. This can
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High Freq. component
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Fig. 7 S« (HF) during 20 s of the measurement. No occlusion was
applied.

Occlusion event

——— S*(HF)
------------- S*(LF)

0.4 -

0 10 20 30 40
T (sec)

Fig. 8 S (HF) and S « (LF) during the T min monitoring. At the 10th
second, occlusion was applied.

be explained by the fact that the peripheral blood flow velocity
increased with age because of loss of elasticity of the vessels.

Helmbold et al.'® demonstrated that two parameters, density
of skin capillaries of the upper dermis plexus and pericytes to
endothelial cell ratio (PC:EC), fall exponentially with age, very
similarly to the SKF age behavior as is presented in Fig. 5. It is,
however, difficult to assume that the density of the capillaries is
somehow related to the optical measurements we carried out.
During the very high occlusion pressure that was applied on
the skin, it is most likely that all capillary and venous blood
was expelled from the measurement site.

So we remained with the PC:EC ratio exponential falling
with age. Pericytes are wrapped around precapillary arterioles,
around blood capillaries and postcapillary venules. Interactions
between endothelial cells and pericytes in the blood vessel wall
recently have been identified as an important process in the reg-
ulation of vascular function.'® Pericytes play an important role in
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Fig. 9 SKF « (LF) as a function of age.
R=0.3
1.8 4

SKF* (HF)

log(age)

Fig. 10 SKF % (HF) as a function of age.

maintenance of hemostasis through their interaction with the
endothelial cells. Both procoagulant and fibrinolytic proteins
are synthesized by endothelial cells. Thus, we assume that local
blood viscosity and RBC interaction with blood vessels is driven
by endothelial functioning and different stages of hemostasis.
These processes are manifested through the mobility of the
RBCs that are located near the vessel walls. Taken together,
these mechanisms are responsible for the characteristics of
the slowly moving RBCs.

Indeed, Fig. 8 shows that the DLS signal associated with the
RBCs’ movement is very strong, specifically during the first
10 s after the occlusion is applied. In due course the DLS signal
gradually decreases, indicating that the RBCs’ mean free path
decreases. Since under occlusion condition the blood flow
pressure wave cannot affect the RBC movement, only very local
mechanisms related to the plasma and vessels wall properties are
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Fig. 11 SKF « (LF) (no occlusion) as a function of SKF (occlusion).

responsible for the RBCs’ movement. When blood flows
freely through the vessels, the hemorheological parameters
are responsible for the RBC flow. None of these factors are
directly related to the age-related phenomena, however, and
even during flow conditions there is a layer of RBCs that creates
unmediated contact with the blood vessel walls.

At very close vicinity to the vascular wall the laminar
velocity of the RBCs is negligible, and they are participating
in the movement that is driven by the same parameters as for
the RBC in the occluded vessels. The low-frequency component
of the DLS signal is originated by these slow-moving RBCs.
Therefore, we observe a strong correlation between the DLS
signal during the occlusion stage and the DLS low-frequency
component. In both cases the slow movement of the RBC is
affected by the combined action of the endothelial cells and
thrombolytic events.

The analysis of the variation of the values of SKF provides us
with some insights into the physiological interpretation of this
parameter. The highest level of SKF corresponds to the lowest
level of S. As seen from Eqgs. (12) and (14), the high § value
indicative to the fast movement of the RBCs. The found corre-
lation between the S and chronological age implies that the
intravascular near-wall movement of the RBCs gradually decays
with age. This can be explained by increased interaction forces
between the RBCs and vascular wall. Therefore, the SKF index
provides a measure of the strength of the interaction between the
vascular wall and the RBCs. This index is expressed in terms of
the chronological age, so the higher the SKF, the higher is the
resistance to the free movement of the RBCs.

When seeking the clinical implications of these discovered
phenomena, it should be noted that the endothelial cells are the
major site responsible for the expression of tissue factor, anti-
coagulants, fibrinolytic factors, and inhibitors of fibrinolysis.
Therefore the mobility of RBCs near the blood vessel wall
will be strongly affected by hemostasis-related processes. The
shift toward hyper-coagulativity and less efficient functioning
of endothelial cells is also a natural process occurring during
aging.

We, therefore, conclude that the newly introduced SKF index
enables evaluation of functional indices of the vascular system
and the hemostasis system from infancy to advanced age. The
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proposed methodology may be tested for the identification
of different diseases, monitoring of coagulation status, and
anticoagulation drug management.
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