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Abstract

A confocal microparticle image velocimetry (micro-PIV) system was used to obtain detailed information on the
velocity profiles for the flow of pure water (PW) and in vitro blood (haematocrit up to 17%) in a 100-mm-square
microchannel. All the measurements were made in the middle plane of the microchannel at a constant flow rate
and low Reynolds number (Re % 0.025). The averaged ensemble velocity profiles were found to be markedly
parabolic for all the working fluids studied. When comparing the instantaneous velocity profiles of the three
fluids, our results indicated that the profile shape depended on the haematocrit. Our confocal micro-PIV
measurements demonstrate that the root mean square (RMS) values increase with the haematocrit implying that
it is important to consider the information provided by the instantaneous velocity fields, even at low Re. The
present study also examines the potential effect of the RBCs on the accuracy of the instantaneous velocity
measurements.
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1 Introduction

The velocity profiles of blood flow in vivo and in vitro have been measured using several techniques,
including double-slit photometry (Gaehtgens et al., 1970; Baker and Wayland, 1974), video
microscopy and image analysis (Bugliarello et al., 1963; Tangelder et al., 1986; Parthasarathi et
al.,1999), laser-Doppler anemometry (Einav et al., 1975; Born et al., 1978; Cochrane et al., 1981;
Uijttewaal et al., 1994, Golster et al., 1999), and particle-measuring methods (Sugii et al., 2002, 2005;
Nakano et al., 2003, 2005; Jeong et al., 2006). Nevertheless, no general consensus yet exists
concerning the actual velocity profile in microvessels. While some studies have reported parabolic
profiles (Baker and Wayland, 1974; Golster et al., 1999; Sugii et al., 2005), others have suggested
blunt profiles (Bugliarello et al., 1963; Tangelder et al., 1986; Nakano et al., 2003); still others have
reported blunt profiles at extremely low velocities and diameters and parabolic profiles at diameters
exceeding 100 um (Gaehtgens et al., 1970; Cochrane et al., 1981). Thus, further research is needed on
the influence of flow parameters on the blood flow velocity profiles in microvessels.

Due to its outstanding spatial filtering technique and multiple point light illumination system, confocal
micro-PIV (Tanaani et al., 2002; Park et al., 2004, 2006; Kinoshita et al., 2005; Lima et al., 2006) has
become accepted as a reliable method for measuring velocity profiles with high spatial resolution.
Very recently, we demonstrated the ability of confocal micro-PIV to measure both homogeneous and
nonhomogeneous fluids (Lima et al., 2006). The present study compared the instantaneous and
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ensemble velocities profiles of pure water and blood flow in vitro. The velocity profiles of both pure
water and in vitro blood with two different haematocrits (9%Hct and 17%Hct) were acquired in the
centre plane of a 100 wm square microchannel.

2 Materials and methods

2.1 Working fluids and microchannel

This study examined three working fluids: pure water (PW) and physiological saline (PS) containing
9% (9Hct) or 17% (17Hct) human red blood cells (RBCs). All the fluids were seeded with 0.15% (by
volume) 1-um-diameter red fluorescent solid polymer microspheres (R0100; Duke Scientific, Palo
Alto, CA, USA). The blood used was collected from a healthy adult volunteer (aged 32 years old), and
ethylenediaminetetraacetic acid (EDTA) was added to prevent coagulation. The RBCs were separated
from the bulk blood by centrifugation (1500 rpm for 20 min) and the plasma and buffy coat were
removed by aspiration (see Figure 1). The washing and centrifuging with PS was repeated twice. The
remaining RBCs were then resuspended in PS to make up the required RBC concentration by volume.
The haematocrit of the two RBC suspensions used in this study was about 9% (9Hct) and 17% (17Hct),
respectively. All the blood samples were stored hermetically at 4°C until the experiment was
performed at room temperature (25-27°C). All procedures in this experiment were carried out in
compliance with the Ethics Committee on Clinical Investigation of Tohoku University.
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Figure 1 Preparation of the blood samples.

In this study, we used a 100 wm square borosilicate glass microchannel fabricated by Vitrocom
(Mountain Lakes, NJ, USA), which was mounted on a slide glass immersed in glycerol that had the
same refractive index. A square microchannel was selected to minimise possible refraction of the laser
beam at the walls of the microchannel. Using a glass tube, the refraction arising from the curved walls
would be more pronounced and might degrade the measured velocity fields.

2.2 Experimental setup

The confocal micro-PIV system we used consisted of an inverted microscope (IX71; Olympus, Tokyo,
Japan) combined with a confocal scanning unit (CSU22; Yokogawa Corp., Tokyo, Japan) and a diode-
pumped solid-state (DPSS) continuous wave (CW) laser (Laser Quantum, Stockport, UK) with an
excitation wavelength of 532 nm. A high-speed camera (Phantom v7.1; Vision Research, Wayne, NJ,
USA) was connected to the outlet port of the CSU22. The microchannel was placed on the stage of an
inverted microscope and the flow rate (Q) of the working fluids was kept constant at 0.15 pl/min using
a syringe pump (KD Scientific, Holliston, MA, USA), corresponding to a Reynolds number of 0.025.

The laser beam was illuminated from below the microscope stage through a 20x objective dry lens
with a numerical aperture (NA) equal to 0.75. Satisfactory illumination was achieved by seeding 1 um
diameter fluorescent particles that absorb green light (absorbance peak 542 nm) and emit red light



(emission peak 612 nm). The light emitted from the fluorescent flowing particles passes through a
colour filter into the CSU22 scanning unit, where it is reflected onto a high-speed camera using a
dichromatic mirror to record the PIV images.

In order to obtain adequate quality images for processing with the PIV software (PivView; PivTec
GmbH, Géttingen, Germany), we captured images with a resolution of 640 x 480 pixels and 12-bit
greyscale, at a rate of 200 frames/s, with an exposure time of 4995 us, and a time interval (At) of 5 ms
and 10 ms between two images. All the PIV measurements were performed for a period of
approximately 0.5 s in order to obtain both instantaneous and ensemble averaged velocities. After
recording the images, they were digitised and transferred to a computer for evaluation using Phantom
camera control software (PH607). The PIV images of the flowing particles were processed and the
flow velocity was determined using PivView version 2.3 (Rafael et al., 1998). The images were
evaluated using a cross-correlation method in which the time between two images was set to 5 ms and
10 ms for all working fluids. Using a multiple-pass interrogation algorithm with a 24 X 16 pixel
interrogation window (50% overlap), which corresponds to a spatial resolution of 28.24 x 18.83 wm, it
was possible to obtain the corresponding instantaneous and ensemble velocity fields. A full description
and evaluation of the confocal micro-PIV system used in this study can be found in Lima et al. (2006).

3 Results and discussion
3.1 Ensemble velocity profiles

Most previous studies have determined the velocity profiles of flowing blood by measuring the time-
averaged velocity field. Figure 2a and 1b show the averaged velocity of 100 (At = Sms) and 50 (At =
10ms) ensemble PIV images, respectively. These images were recorded at the same time period of
approximately 0.5 s. Figure 2 also compares the PIV measurements with an analytical solution for
steady flow through a long, straight, rigid square microchannel (see Lima et al., 2006 for more details).
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Figure 2 Averaged ensemble velocity profiles for six different series of confocal micro-PIV measurements in the
central plane (50 um) of (a) pure water (PW) and in vitro blood with haematocrit 9% (9Hct) and 17% (17Hct)
for At = 5ms; (b) pure water (PW) and in vitro blood (9Hct and 17Hct) for At = 10ms.

Comparing the ensemble velocity profiles of all fluids (see Figure 2), we observed small deviations (<
5%) for both At = Sms and At = 10ms, especially in the central region of the velocity profile. Using the
t-test analysis we found no significant difference between the working fluids and the analytical
solution at 98% confidence interval. Hence, these results imply that the ensemble-averaged velocity
profiles of in vitro blood with haematocrits up to 17% flowing within a 100 pm square microchannel
do not change significantly from a parabolic shape. These results agree with Baker et al. (1974) and
Sugii et al. (2005). Furthermore, from the ensemble-averaged velocity profiles for both At = Sms and
At = 10ms the average deviation was estimated to be 2% for PW and 17%Hct and 5% for 9%Hct. On
comparing the results from both At we found no significant difference between At = Sms and At =
10ms at 98% confidence interval. These results suggest that for both cases it is possible to obtain
reliable ensemble-averaged velocity profiles for all the working fluids used in this study.

3.2 Instantaneous velocity profiles and root mean square (RMS)

A remarkable advantage of the PIV measuring technique over conventional methods, such as double-
slit photometry or laser-Doppler anemometry, is its ability to obtain detailed information on the fluid
flow behaviour from the evaluation of the instantaneous velocity fields. Although these velocity fields
are extremely important for flows with high Re in which turbulent flow fields are likely to occur
(Meinhart et al., 2000b; Bates et al., 2001; Heise et al., 2004), we believe that instantaneous velocities
are also crucial for evaluating several phenomena in steady flows, especially for complex fluids
containing suspended blood cells in plasma. In this way, Figures 3—4 show the first time series of the
instantaneous velocity profiles of pure water and in vitro blood with two different haematocrits at Re
0.025 for At = 10ms.



At; = 10 ms

Unit
[mmis=]

0.5
0.9
0.4
0.z
0.33
0.z
0.23
012
0.5

At, = 10 ms

Unit
[mmis=]

0.5
0.9
0.4
0.z
0.33
0.z
0.23
012
0.5

50

{&, 100
Y

Figure 3 Two examples showing series of instantaneous velocity profiles of pure water (PW) in the central plane
(50 um) of the microchannel for At = 10 ms. Note that, x, y represent respectively measured length and full
width of the microchannel whereas u represents the axial velocity of the working fluid along the central plane of
the microchannel.
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Figure 4 Two examples showing series of instantaneous velocity profiles of in vitro blood with a 9% (9Hct)
haematocrit in the central plane of the microchannel for At = 10 ms.
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Figure 5 Two examples showing series of instantaneous velocity profiles of in vitro blood with a 17% (17Hct)
haematocrit in the central plane of the microchannel for At = 10 ms.

In the conventional micro-PIV, most of the noise in the instantaneous velocity measurements is mainly
due to the out-of-focus particle images, Brownian motion and low particle image density (Santiago et
al., 1998; Nguyen and Wereley, 2002). The standard method to improve the accuracy of the
conventional micro-PIV measurements is by ensembling series of instantaneous velocities. However,



very recently it was shown that confocal micro-PIV, due to its optical sectioning effect provided by the
spinning  disk, can improve significantly the background noise even when using high particle
concentration, i. e., 0.1% by volume (Park et al., 2004, 2006; Lima et al., 2006). Furthermore by using
trace particles with 1 um diameter it is possible to minimize some possible Brownian motion effect
(Santiago et al., 1998). As a result, we believe that confocal micro-PIV can provide reliable
instantaneous velocity fields, especially for homogenous fluids and in vitro blood with low
heamatocrit (Hct < 9%).

On comparing the instantaneous velocity fields in the middle plane of pure water and in vitro blood
(see Figures 3-5), it is possible to observe that the instantaneous velocities from pure water have a
nearly constant parabolic profile, whereas the instantaneous velocities from both in vitro blood show
some irregularities on the velocity profiles. However, these instantaneous velocity profiles are only
qualitative observations which needed to be quantified in order to understand the possible causes of
the fluctuations encountered on the in vitro blood instantaneous velocity profiles (see Figures 4 and 5).

In an attempt to elucidate the possible causes of these findings we have calculated the Root Mean
Square (RMS) which can be determined from the ensemble averaging of the instantaneous velocity
measurements. To calculate the RMS we first need to determine the standard deviation of both u and v
components of the velocity at each grid point for a series of N frames by using the following
equations:

mean velocity components :

_ 1Y _ 1
H=—u, (1 v=—D,, )
Ni:l

standard deviation of u and v components :
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After calculating both 6, and 6,, RMS can be estimated by
RMS=+|c>+0° . )

In Figure 6 the averaged RMS values for the three working fluids at two different At are plotted as a
function of the microchannel width.
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Figure 6 Comparison of the RMS values for pure water (PW) and in vitro blood with haematocrits of 9% (9Hct)
and 17% (17Hct) with (a) At = 5Sms , (b) At = 10ms.

On comparing the RMS values with different At it is possible to observe that by increasing the time
interval between two images the RMS decreases of about 50% for PW and 9% Hct and 25% for 17%
Hct. Therefore, using At = 10 ms the accuracy of the instantaneous velocity measurements are
improved implying that the correspondent RMS values may represent a more reliable qualitative
information about the time-dependent behaviour of the flow. Moreover, on comparing the RMS values
from all the working fluids we have found that there is a significant difference between PW, 9% Hct
and 17% Hct at 90% confidence interval, except for some values near the wall (see Figure 6). Despite
the inclusion of some bias errors in the RMS values, these results show clearly that the RMS increases



with the haematocrit. We believe that the RMS values are strongly related to the fluctuations
encountered in the instantaneous velocity profiles shown in Figures 4-5. The reasons for these small
fluctuations are still not completely clear, however from the visualization of the RBCs motion through
the microchannel, both rotational and tumbling motion and also the interaction between the
neighbouring RBCs seem to be important factors to take into account. An ongoing study to clarify the
effect of the RBCs on the plasma flow is currently under way.

It should be noted that for heamatocrits of about 17% we have observed some small random “plasma
pockets” without particles in the PIV images which have created velocity vectors with small
magnitudes due mainly to the light scattered and absorbed from the high concentration of RBCs within
the plasma flow. Therefore, the RMS values for Hct = 17% contains quantitative information about
not only the effect of the RBCs on the plasma flow but also some bias errors. One way to overcome
this limitation is by increasing the particles concentration within the plasma or by using a rectangular
microchannel with low aspect ratio which creates an uniform distribution of RBCs.

3.3 Measurement noise and accuracy of the confocal micro-PIV system

Past studies have already evaluated the accuracy of the confocal micro-PIV system to measure both
homogenous and non-homogenous fluids (Park et al. 2004, 2006, Lima et al. 2006). However neither
of them has investigated the influence of the light scattered and absorbed from the RBCs on the
instantaneous velocity measurements. An approach to evaluate this effect is by calculating the Signal-
to-Noise Ratio (SNR) for the working fluids used in this study. The measured SNR was defined as the
highest peak image intensity divided by average background intensity in the predefined interrogation
window. Figure 7 shows representative correlation planes for the working fluids using both confocal
and conventional micro-PIV whereas Figure 8 shows the correspondent averaged SNR. Note that the
conventional micro-PIV measurements were obtained for pure water under identical specified flow
conditions by using an epifluorescent microscope equipped with a mercury lamp and colour filters.
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Figure 7 Representative correlation planes for (a) pure water (PW), (b) in vitro blood with Het = 9%, (c) in vitro
blood with Het=17% using a confocal system and (d) PW using a conventional micro-PIV technique. The x and
y axis correspond to the interrogation window (28.24 x 18.83 wm) used to obtain both instantaneous and
ensemble velocity fields.
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Figure 8 Comparison of the Signal-to-Noise Ratio (SNR) for PW, in vitro blood with haematocrits of 9% (9Hct)
and 17% (17Hct) using a confocal system and PW using a conventional micro-PIV technique. The measured
values of the SNR are expressed as the means * standard deviation.

From Figure 7 it is possible to observe that for the case of the confocal system the correlation
coefficient peak (C) for pure water is the highest with a value of about 0.8. By increasing the Hct the



main peak tends to become weak (0.7 for 9%Hct and 0.6 for 17%Hct) due to the reduction of the
number of particle pairs within the interrogation window. Nevertheless, the main peak for in vitro
blood is still bigger than the noisy peaks. Furthermore, it is also possible to observe a decrease of the
SNR with the increase of the Hct (see Figure 8).

Several researchers in microfluidics have performed successful measurements on both pure water
(Santiago et al. 1998) and in vitro blood (Sugii et al. 2005) by using a conventional micro-PIV.
Accordingly, we have decided to compare the SNR of pure water for both confocal and conventional
micro-PIV system. The images obtained from the confocal system showed a much clearer image
definition of the particles in comparison with the conventional system. We believe that the
improvement on the image quality provided by the confocal system reflects the highest SNR shown in
Figure 8. Nevertheless, the particle images with SNR values in the order of 2.5 seem to have adequate
quality to obtain reliable velocity fields by using conventional correlation interrogation techniques.
Thus, in vitro blood with 9% Hct seems to have enough SNR to generate reliable instantaneous
velocity fields. For the case of Hct = 17% it is still possible to obtain instantaneous velocities vectors
however some outliers can be produced due mainly to the light scattered and absorbed from the high
concentration of RBCs. In this way the instantaneous velocities fields for in vitro blood with 17% Hct
blood still require further investigations. One way to overcome the limitation of having lower particle
concentration is by using the particle tracking velocimetry method (Ravnic et al. 2006).

4 Conclusions

In this study, we determined both ensemble and instantaneous velocity profiles for in vitro blood
(haematocrit up to 17%) flowing through a 100 wm square microchannel. Although the ensemble
velocity profiles were markedly parabolic, some fluctuations in the instantaneous velocity profiles
were found to be closely related to the increase in the haematocrit. The present study shows clearly
that the RMS values increase with the haematocrit implying that the presence of RBCs within the
plasma flow strongly influences the measurements of the instantaneous velocity fields. The possible
reasons for the RMS increase are the motion and interaction of RBCs and the light scattered and
absorbed from the RBCs. This latter cause seems to be more predominant at Hct = 17%. As a result,
for 17% Hct improvements on the Signal-to-Noise Ratio are required to further enhance the
measurement performance of the instantaneous velocities.
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