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Abstract. This study shows the capability of a pulsed photoacoustic (PA) technique to
measure red blood cell sedimentation and aggregation processes in vitro. Red blood
cells are the main source of absorption in blood. The PA signal is proportional to the
sample’s optical absorption coefficient, and hence, dynamic changes in the sample can
be monitored by analyzing the PA pulse amplitude and pulse arrival time. Optical
coherence tomography (OCT) is used as a parallel method for comparison. Diluted
whole blood and different concentrations of washed red blood cells were used as
samples. The pulsed PA technique is suitable for monitoring changes in sedimentation
velocity when dextran is added to the sample. When the measurement section with the
fastest sedimentation rate was selected for analysis, a more than 10-fold increase in the
sedimentation rate, induced by dextran, was found with both the PA and OCT
techniques. The PA pulse delay was found to be a more reliable measure of changes in
the sample than the PA signal amplitude. © 2015 Samara State Aerospace University
(SSAU).
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1 Introduction

Red blood cell sedimentation velocity, also called
erythrocyte sedimentation rate (ESR), is an indicator in
clinical diagnosis and an auxiliary method for indicating
possible underlying disease [1-4]. The initial method for
measuring ESR in test tubes was described by
Westergren [5]. The analysis of the results is not very
straightforward. There are variations in the ESR values
of healthy controls [6] and the ESR value may be
affected by several factors in different diseases [7].
However, ESR measurement is still used as a test to
screen and monitor disease processes that affect plasma
proteins and the ESR value [8]. The RBC aggregation
process can be altered in the case of a disease compared
with healthy controls [9], which also affects the ESR
value.

In vitro methods of diagnosing red blood cell
aggregation include both optical and acoustical
techniques, namely, backscattering optical radiation [9],
small-angle light scattering [10], optical coherence
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tomography (OCT) [11], and ultrasonic backscattering
[12,13]. Also other methods can be found in literature,
e.g. X-ray phase contrast imaging [14]. Optical methods
are based on light scattering and detection of changes in
the scattered signals. Both backscattering and
transmitted light can be measured [15,16]. They are also
sensitive to changes in the refractive index. Commercial
instruments facilitate laboratory analysis [15]. In the
ultrasound method [12], measurement of backscattered
power is dependent on the scatterer concentration. This
scatterer density is high in blood, and therefore it makes
ultrasonic blood characterization difficult. A nonlinear
relationship has been found between backscattering
power and scatterer concentration in an extremely dense
medium (such as blood) [17]. Backscattering is
dependent on an acoustic impedance mismatch between
the tissue and cell components [12]. In blood, this
means the acoustic impedance difference between RBCs
and the surrounding medium. More specifically, it is
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related to hemoglobin concentration inside and outside
of RBCs [18].

[lluminating a sample with short laser pulses can
result in generation of acoustic waves that travel
through the examined medium. The sample’s optical
absorption at a certain wavelength will affect the
strength of the acoustic signal. Other parameters
affecting the signal are the volume expansion
coefficient and specific heat capacity. The PA signal
generation principle differs from the ultrasonic
backscattering technique, and different problems are
associated with that technique than with the ultrasonic
technique [19]. Earlier papers on monitoring blood
sedimentation with photoacoustic and photothermal
methods have used chopped light and phase-sensitive
detection [20-22]. Both amplitude and phase have been
analyzed. These parameters tell about the sample’s
properties during the sedimentation process [20-22].
Helander et al. [22] found that a lower initial RBC
concentration gave a higher final amplitude value,
probably due to the more closely packed structure of the
RBCs at the bottom of the cuvette at the end of the
experiment. Different theoretical models have been
developed to wunderstand the physics behind the
sedimentation process [2,20,23]. Earlier PA studies on
blood sedimentation were focused on understanding the
dynamics of sedimentation and modeling the process
[20-23]. On the other hand, blood rheology in vivo can
be studied, e.g. by photoacoustic flow cytometry
(PAFC), where rheological processes can be monitored
at a single RBC level [24]. Several blood parameters,
such as blood viscosity, hematocrit, and RBC
aggregation affect kinetic and flow properties in vivo
[24].

Non-specific adsorption of aggregating plasma
proteins on the surfaces of RBCs will induce RBC
aggregation [9,25,26]. RBC aggregation can also be
induced with dextrans [4,26]. The OCT technique for
characterizing blood sedimentation has been studied
extensively during the last ten years. In addition,
different biocompatible agents, such as dextrans, have
been used to study optical clearing to enhance OCT
imaging depth and light penetration [27-33]. Also,
theoretical models have been developed to understand
optical methods in more detail [34], as well as blood
optical clearing induced by local hemolysis [35].

Recent increased utilization of the PA technique in
imaging and sensing applications [19,36-38] has also
raised interest towards in vitro diagnostics of blood
aggregation properties with the PA method [39,40].
Saha et al. performed Monte Carlo simulations to study
the effect of RBC aggregation on the PA signal [39],
whereas Hysi et al. used a pulsed laser to induce PA
waves in the sample and used the acoustic frequency
spectrum to analyze RBC aggregation [40]. Galanzha
and Zharov have done valuable work in the field of
PAFC and blood diagnostics in vitro and in vivo [24].

The aim of this work was to explore the capability of
the pulsed photoacoustic (PA) technique to monitor
dextran-induced changes in the sedimentation rate in
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diluted whole blood as well as washed RBC samples
with different hematocrit values. Here it is shown that it
is possible to monitor the sedimentation process with
PA pulse delays generated by absorbing optical pulses
in the moving blood layer. OCT is used as a parallel
method to enhance understanding of the changes in the
RBC samples during the experiments. The results are
discussed in relation to data found in literature which
have been obtained with optical methods.

2 Materials and Methods

2.1 Sample preparation

Blood samples were taken from a healthy volunteer
(male, 33 years). EDTA was used to prevent
coagulation. Table 1 presents the ingredients of the
different samples. Samples 1-4 were prepared by
diluting whole blood with PBS (Thermo Scientific,
HyClone Laboratories, Inc., Utah, USA). Samples 5-8
were prepared by diluting RBC mass with the same
PBS. RBCs were separated from the whole blood with a
centrifuge and washed with PBS (two times 10 min at
2000 rpm). Dextran T500 (Pharmacia Fine Chemicals
AB, Uppsala, Sweden, molecular weight ~500000) was
used in the experiments to induce RBC aggregation.
When washed RBCs were used, also bovine serum
albumin (Sigma Chemicals CO., St. Louis, MO, USA)
with a concentration of 1.0 g/dl (I % albumin
concentration was taken from Ref. 41) was used. The
experiments were repeated on two separate days with
two different sets of samples (denoted as sample (1—
8)_1 and sample (1-8)_2).

Table 1 Samples with different analytes.

No. Sample Dextran  Albumin Hct

(g/dD) (g/dl) (%)
1 diluted blood 0 0 31
2 diluted blood 0.5 0 31
3 diluted blood 0 0 21
4 diluted blood 0.5 0 21
5 washed RBCs 0 0 27
6 washed RBCs 0.5 1.0 27
7 washed RBCs 0 0 18
8 washed RBCs 0.5 1.0 18

2.2. Measurement setup

Fig. 1 shows a schematic diagram of a measurement
setup. A diode-pumped solid state Nd:YAG laser with a
passive Q-switched crystal (model LCS-DTL-324QT) at
a wavelength of 1064 nm was used in the
measurements. The pulse repetition rate of the laser was
500 Hz and the pulse length was < 10 ns. The pulse
energy was = 106 pJ before entering the optical fiber.
The optical pulse was slightly focused on the sample
surface after the fiber to form a spot with a diameter of
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~2 mm. A photoacoustic transducer with a center
frequency of 1 MHz (Panametrics V103) was used to
detect acoustic signals. The signals were amplified with
a preamplifier (Olympus 5662) and the data were
collected with a data acquisition card (National
Instruments, PCI-5124). A sampling frequency of 20
MHz was used and the signals were averaged 500 times.
A cuvette was made of grey PVC (polyvinyl chloride)
plastic material. The cuvette dimensions were: thickness
5 mm, width 25 mm, length 40 mm, the total volume
being 5 ml. The acoustic transducer was placed under
the cuvette at a 5 mm distance from the sample. A 1-
mm-thick glass plate was used on the upper side of the
cuvette.

Optical coherence tomography was used to monitor
blood sedimentation simultaneously with the PA
experiment. A commercial OCT device (manufactured
by the Institute of Applied Physics, Nizhny Novgorod,
Russia) was used. The wavelength of the light source
was 910 nm, axial resolution in air < 10 pm, and spatial
resolution < 10 pm for 1-x magnification. The details of
the device are described elsewhere [42].

1 L[ .

Fig. 1 Measurement setup. 1. Computer with data
acquisition card and software, 2. Cable for triggering, 3.
Laser source, 4. OCT device, 5. OCT probe, 6. Optical
fiber illumination with laser pulses, 7. Cuvette with
sample, 8. Pietzoelectric transducer, 9. Preamplifier.

2.3 Measurement protocol

Samples were prepared right before the measurements.
The samples were prepared and the measurements were
taken at room temperature. Blood and washed red blood
cells were diluted to the final concentration and the
sample was carefully mixed. The samples were loaded
onto the cuvette and the PA and OCT measurements
were started immediately. The PA signal waveform was
saved on the computer at time points 0, 2, 4, 6, 8, 10,
15, 20, 25, and 30 minutes. In four cases out of 16
measurements the experiment was stopped earlier than
at 30 min due to the fast sedimentation process. The
time delay of the pulse peak as well as the pulse
amplitude values were extracted from the wave shapes.
The OCT signal was recorded during the same period
for further analysis. To visualize the sedimentation
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process, only a-scans were registered from a single
point as a function of time (see Fig. 3). Fifty a-scans
were averaged for samples without dextran and five a-
scans for samples with dextran. Different averaging was
used because sedimentation kinetics varied considerably
between the different samples. The image dimensions
were 2500 x 500 pixels, corresponding to
550 ym x 1931 um.

2.4. Signal analysis

The amplitude of the PA signal is proportional to the
optical absorption coefficient p, and the Griineisen
parameter I, which is defined by Bv’/Cp. Eq. (1) shows
this relation:

2
AP = pv? ﬁAT:LBLJ.(%]:erMa, 0

C

P

where E,/V is the absorbed optical energy density that
equals the product of laser fluence Hyand the sample’s
optical absorption coefficient t,. f is the volume
expansion coefficient, C, is specific heat at constant
pressure, and v is the velocity of acoustic waves in the
medium [43]. Hence, all these parameters take part in
acoustic pulse generation. The photo-induced pressure
rise AP propagates outside the irradiated volume in the
form of an acoustic wave. It is worth noting that /" is
sensitive to temperature, and temperature changes can
affect the measurements [19,36].

Fig. 2(a) shows examples of the PA pulse profiles
from one experiment. The pulse amplitude generated in
the sample (A1), the time delay (At), and the amplitude
from the bottom of the cuvette (A2) are analyzed in
detail. It is clearly seen from Figs. 2(a) and (b) that the
pulse amplitude increases and shifts to the earlier times
(pulse delay decreases) when blood sedimentation
occurs.

Sedimentation velocity can be deduced from curve
2(b) [44], v=s/At, where s is the propagation distance of
the blood layer during time At and is the product of the
pulse peak time shift and acoustic velocity. At is the
period for that time (e.g. 10 min). The pulse peak shift is
in the range of microseconds and the value of 1550 m/s
is used for acoustic velocity [45].

Relative change in the PA pulse arrival time was
calculated to facilitate easier comparison of the
sedimentation dynamics between samples. The pulse
arrival times of the experiments with different samples
were divided by the arrival time of the signal at the
beginning of each experiment (at time 0 min). Fig. 4
shows relative values (a.u.), and values smaller than 1
indicate faster arrival of the PA pulse on the detector
than at the initial stage of the experiment.

Errors in the sedimentation velocity were estimated
by defining the timing error (time to save the PA signal
and its deviation from full minutes) and calculating a
relative error by dividing this error by the time used in
velocity estimation (see Table 2). The effect of possible
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temperature variation on acoustic velocity was taken
into account by adding an error of £ 1°C (+ 2m/s, see
text later) in acoustic velocity. Errors were rounded up
to get reasonable error estimation together with the
extracted result (see Table 2).

+ sample 2_2, 0 min
0.1 = sample 2_2, 10 min
Al sample 2_2, 30 min

0.05

PA amplitude (a.u.)
<)

-0.05

-0.1
0 2 Timé(us) 6 8
(a)

6
= [
P 5 u
-
Q
A 4
—g. | I I | ™ ™ - a
0@ 3
3
3 2
°
o
S 1 = sample 2_2
E _
[-%

0 10 20 30
Time (min)

(b)

Fig. 2 (a) Photoacoustic signals at different time points
of the experiment when measuring sample 2 2 and (b)
the time delay of the PA pulse as a function of the
measurement time.

The OCT images were analyzed by selecting
averaged a-scans from two points in the image and
recording the time position of those a-scans (Fig. 3).
The velocity estimation range was selected so that
maximal velocity could be found. Time dependency of
the sedimentation velocity was shown by Antoniow et
al. [20]. Then the depth profiles were plotted and the
change in the depth of the blood-plasma/PBS layer was
calculated. The following values for the refractive index
of plasma and PBS were used in the calculations:
Ngy= X Nplggma T Y*Nppst Dplama = 1.347 [46], and
npgs = 1.333 [46], resulting in the following mean

values for the samples’ background medium:
1: n,~= 13414, 2: n,~= 1.3414, 3: n,~= 1.3386,
4: n,~ 13386 , 5: n,~= 1.333, 6: n,~= 1.333,

7: n,= 1.333, and 8: n,,= 1.333. In OCT, an error of 2
pixels in reading the image was considered as
experimental error in defining sedimentation velocity.
The time of an averaged a-scan was calculated from the
total measurement time divided by the number of
averaged a-scans in the image (2500). Errors were
rounded up to get reasonable error estimation together
with the extracted result (see Table 2).
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Optical depth 1.93 mm

Time (26 min 45 sec)
(@)

W0r
04
g
B
@
5
3
10}
U 200 400 600 300
Physical degth (1)
(b)

Fig. 3 (a) OCT image from sample 2 1 and (b) OCT
signal depth profiles from sample 2 1 (figure (a)) at
time points 64 s (dashed line) and 321 s (solid line)
from the beginning of the experiments. The profiles are
an average of 50 a-scans (modified from Fig. 6, Ref.
[44]).

3 Results and discussion

Fig. 2(a) shows the PA pulse profiles from a blood
sample with dextran at different time points of the
experiments. The PA signal amplitude is proportional to
the RBC concentration, i.e. hematocrit, and hence, to
optical absorption [47]. The amplitude increases when
the RBC concentration in the absorbing layer increases.
Also other physical and optical properties of the sample
may vary simultaneously. The PA amplitude is sensitive
to changes in the contact of the transducer. Therefore,
the time delay of the pressure pulse is a more reliable
measure and is analyzed in more detail. Fig. 4 (a) shows
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relative changes in the PA pulse arrival time in diluted
blood samples (1-4) during the sedimentation process,
whereas Fig. 4(b) shows the results for washed RBC
samples. The dynamics of sedimentation are clearly
visible. The same can be seen in Fig. 3(a). These
findings support earlier investigations [28]. The
sedimentation process has non-linear behavior, which
has also been found in some other publications
[2,20,23]. It can be seen that dextran makes the
sedimentation process faster by inducing RBC
aggregation. Another phenomenon slowing down the
process is the dextran-induced increase in plasma
viscosity [48,49]. Dextran-induced increase in blood
viscosity is mostly due to red blood cell aggregation
[49].
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Fig. 4 (a) Relative change in the PA pulse delay as a
function of the measurement time for diluted blood
samples and (b) relative change in the PA pulse delay as
a function of the measurement time for washed RBCs.

It is clearly seen in Fig. 2(a) that blood
sedimentation increases light transmittance through the
RBC layer. More light hits the cuvette, light is absorbed
in the plastic and generates an acoustic wave due to
thermoelastic expansion, and the PA signal amplitude
(A2) from the bottom of the cuvette increases. The
hematocrit of the sample affects the sedimentation rate
[2]. It was found (Fig. 4(a)) that the sedimentation
process was the fastest with samples 4, where RBC
concentration was the lowest.

The same effect can be seen in Fig. 4(b), where
dextran increased the sedimentation rate. Due to the
limited measurement time (30 min) and slow
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sedimentation velocity, the PA signal amplitudes from
diluted whole blood samples remained almost constant,
while dextran greatly increased the amplitude (Fig. 5).
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Fig. 5 Scaled PA signal amplitude as a function of the
measurement time for different washed RBC samples.

Changes in the acoustic pulse delay tell about
changes in the PA pulse generating area, and hence, in
the sedimentation of the RBCs. The optical properties of
the sample will change during RBC aggregation
[28,34]. The anisotropy factor g is larger for aggregates
than for single cells. RBC aggregates are larger than
single cells, and hence, light scattering will be more
forward directed [34]. When blood sedimentation
occurs, the layer with RBCs becomes thinner and the
multiple scattering properties will change as the cells
get closer to each other. It is also worth remembering
that dextran will increase the refractive index of the
sample, reducing the refractive index mismatch between
RBCs and the background medium and reducing
scattering  (optical clearing) [27,33]. Decreased
scattering increases optical energy density in the
illuminated sample area [50]. Absorption also increases
due to the increased cell density. These effects result in
an increased PA amplitude (Fig. 5). This is also seen as
increased transmittance in OCT experiments [28,30,31].
The acoustic source is hence moving down and its
properties are changing due to the changing optical
properties. The earlier findings with OCT [28] are now
supported also by PA experiments, as shown in Figs. 4
and 5. It must be pointed out that when the background
suspension of the blood sample is changed from plasma
to PBS, e.g. from whole blood to washed RBCs, the
refractive index of the background medium changes
from 1.347 (for plasma) to 1.333 (for 0.9 saline solution
or water) [46]. This alters the optical scattering
properties of the sample [46]. The highest OCT signal
intensity, i.e. the best image contrast, was achieved from
samples 1 and 3.

The sedimentation rate varied considerably during
the experiments, especially when the aggregation
process was enhanced. Hematocrit also affects sound
velocity [45], being smaller for diluted concentrations.
Acoustic wave velocity is dependent on both the
sample’s temperature and its blood hematocrit value.
Sound velocity for a 1.0 % saline solution of water is
1493.6 m/s at 20°C and 1538.9 m/s at 40°C [45]. For
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blood plasma the velocity is 1546 m/s, and for whole
blood, 1584.2 m/s (at 37 °C) [45]. It was found that the
temperature dependence of the acoustic velocity of
blood is — 2m/s / °C. This value was used in error
estimation, giving 0.13 % error. Hence, for 20 °C the
value is 1550 m/s. Another source gives a value of 1535
m/s for PBS, 1553 m/s for plasma, and 1590 m/s for
whole blood at 37 °C [51]. Variation in sound velocity
in different samples may induce a small error in the
estimated sedimentation values. It is also worth noting
that viscous properties are different for plasma and PBS
[46]. Viscosity is also dependent on temperature, being
higher at room temperature than at 37 °C [52]. Dextran
will also increase viscosity [48,49], reducing the
sedimentation rate at high dextran concentrations [48].
Hence, the effects of viscosity must be taken into
account when analyzing dextran-induced aggregation
and enhanced sedimentation rate [48].

Table 2 shows velocity values extracted from both
PA signals and OCT images. The velocity estimation
range was selected so that maximal velocity could be
found from the measured data. The time-dependent
change in the sedimentation velocity is found in the
work of Antoniov et al. [20]. Dextran accelerated the
sedimentation velocity more than 10-fold. In some cases
the effect of dextran was found to be higher in samples
with lower hematocrit. When the sedimentation rates for
diluted blood (with plasma) and RBCs in PBS were
compared, the results resembled each other
considerably. The values in Table 2 for samples without
dextran match well with typical values found in the
literature, which are 0-15 mm/h for men and 0-20
mm/h for women [6,28]. The plasma proteins of whole
blood induce a certain amount of RBC aggregation also
in healthy blood samples, which might affect the
variation in sedimentation times between different
persons [26].

Sources of error in the experiments are the accuracy
of saving the wave shape during the experiments (0.11—
6.67 %) and sample preparation accuracy. The wave
shape might also be affected by the transducer’s
bandwidth, which makes the analysis of the pulse shape
inaccurate. Time-resolved detection of PA signals with
a wide frequency bandwidth transducer will be a part of
future research. Figs. 4 (a) and (b) also show that
samples 4 and 8 exhibit very rapid sedimentation.
Therefore, a reliable value for the sedimentation rate
could not be extracted for sample 1 8 (see Table 2).
Hence, real-time data acquisition would be better, and
the software will be developed in the future.

Sample-to-sample  variation in  sedimentation
kinetics affects repeatability. Velocity differences
obtained with OCT and PA methods might be explained
by the different depths used in the analysis. In the
current measurement procedure, the time point during
the measurement can be more accurately determined
from OCT images than from PA pulses (error in Table
2). In addition, the OCT signal’s focus point in the
sample affects signal intensity and image contrast [53].
Low image contrast makes estimation of sedimentation
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velocity difficult. In the PA experiments the detected
signal shape and amplitude might be affected by the
laser beam’s spot size and the energy density of the PA
wave source [54].

The sedimentation process can be analyzed as a two-
layer system. The upper layer consists of plasma or PBS
and the lower layer of RBCs. The thickness of the upper
layer increases as a function of time and the thickness of
the lower layer decreases [20,29-31]. Heat and light
transfer are complex in such systems [20,21]. The
optical signal is converted to an acoustic pulse at the
surface of the RBC/plasma layer. It is well known that
this surface is not a pure reflecting surface [28,34]. It
can be seen from Fig. 3 that the light intensity in the
sample has a maximum at a certain depth. However, it
must be noted that the optical absorption of red blood
cells is almost two orders of magnitude higher than that
of blood plasma and platelets [46]. Also, optical
scattering is three or more orders of magnitude larger in
red blood cells that in plasma and platelets [46] at the
wavelength used—1064 nm. Hence, their effect on PA
pulse generation is negligible.

Earlier research has demonstrated that the PA
amplitude is dependent on the hematocrit [47]. Saha et
al. found in simulations that the intensity of the PA
signal increases when single RBCs form clusters [39].
The amplitude of the PA signal also increases when the
RBC concentration of the illuminated area increases.
Hence, those results support the findings in this paper.
Aggregation affects scattering [34] and other optical
properties. OCT is extensively studied in the context of
different optical clearing agents [27-31]. The data in
this paper show and support the fact that OCT can be
used to monitor the sedimentation kinetics of various
blood samples with different hematocrits.

4 Conclusions

The pulsed photoacoustic technique was demonstrated
to be capable of detecting blood sedimentation
dynamics in vitro. Photoacoustic pulse delay was found
to be a good indicator for monitoring dextran-
accelerated RBC sedimentation, both with diluted blood
samples and with washed RBCs. Changes in the optical
properties of the sample clearly affected acoustic signal
generation in the sample and at the bottom of the
cuvette.
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Table 2 Sedimentation velocities calculated from PA and OCT signals and time intervals for the estimation of the

sedimentation velocities.

sample set 1,

sample set 1,

sample set 2,

sample set 2, PA

sample set 2,

sample set 2,

. PA . . . velocity OCT
Sample velocity velocity estimation measurement . .
estimation range measurement range (mm/h) estimation measurement

(mm/h) range (mm/h)

1 0-30 min 1.6+ 0.1 0-30 min 1.9+0.1 5.3-16.2 min 1.0+ 0.1

2 2—6 min 26.7+£1.0 2—6 min 38.4+0.7 0.1-1.0 min 153+0.1

3 0-30 min 1.2+0.1 0-30 min 1.7+0.1 5.0-15.1 min 1.2+0.1

4 0—4 min 39.5+£0.8 0—4 min 40.7£2.8 0.2-0.4 min 29.9+0.1

5 0-30 min 14+0.1 0-30 min 1.7+0.1 10.5-21.0 min  1.5£0.1

6 0—4 min 39.5+£2.1 2—-6 min 326+09 0.2-0.7 min 19.5+0.1

7 0-30 min 33+0.1 0-30 min 2.2+0.1 5.6-9.4 min 1.6 +0.1

8 - - 0—6 min 35.7+0.1 0.2-0.5 min 32.6+£0.1
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