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ABSTRACT

In microcirculation, the cell-free layer (CFL) is a well-known physiological phenomenon that plays an
important role in reducing the flow resistance and in balancing nitric oxide (NO) production by endothelial
cells and NO scavenging by red blood cells. To better understand this phenomenon, several blood flow
studies have been performed in simple geometries at both in vivo and in vitro environments. However, to
date little information is available regarding the effects imposed by a complex branching network on the
CFL.The present study shows the CFL layer variation at a microchannel network. The images were captured
using a high-speed video microscopy system and the thickness of the CFL was measured using both
manual and automatic image analysis techniques. Using this methodology, it was possible to visualise
the in vitro blood flowing through the network and to identify several flow phenomena that happen
in microcirculation. Overall, the results have shown that the concentration of cells and the geometrical
configuration of the network have a major impact on the CFL thickness. In particular, the thickness of
the CFL decreases as the fluid flows through a microchannel network composed with successive smaller
channels. It was also clear that, for the full length of the network, the CFL thickness tends to decrease with
the increase of the concentration of cells. The automatic method developed becomes inaccurate for high
haematocrit and needs be calibrated by manual methods for Hcts bigger than 10%. The results obtained
from this study could help the development and validation of multiscale numerical models able to take
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into account the CFL for simulating microvascular blood flow.

1. Introduction

Experimental blood flow studies at the microscale level have
been extensively active from the beginning of the twenty-first
century (Popel & Johnson 2005; Lima et al. 2012). The great
interest in this field was in part due to developments in the
microscopy technology, image analysis techniques and numeri-
cal models for blood flow simulation (Wereley & Meinhart 2010;
Williams et al. 2010; Lima et al. 2012; Kim 2013; Nakamura et al.
2013;Yin et al. 2013; Bento et al. 2015; Gambaruto 2015; Oulaid
& Zhang 2015). For instance, the application of the confocal
micro-PIV system to study the blood in microfluidic devices has
led to not only obtain three-dimensional velocity profiles of the
blood flow (Lima et al. 2006, 2008) but also to measure in detail
the motion of individual red blood cells (RBCs) flowing through
moderate and high concentration of blood cells, i.e. concentra-
tions bigger than 10% (Lima et al. 2009; Saadatmand et al. 2011;
Pinho et al. 2016). Therefore, the progress of the high-speed
video microscopy systems has yielded valuable information on
several blood flow phenomena happening in microcirculation.
The cell-free layer (CFL) is a well-known physiological phenome-
non that was studied both in vivo (Tateishi et al. 1994; Kim et al.

2006, 2009; Ong et al. 2012; Dietzel et al. 2014; Namgung et al.
2014) and in vitro (Lima et al. 2009; Fedosov et al. 2010; Garcia
& Lima 2012; Pinho et al. 2013; Rodrigues et al. 2015; Sampaio
et al. 2015). Briefly, the formation of a CFL or a cell-depleted
layer is mainly attributed to the RBCs axial migration towards
the centre of the microchannel and consequently leading to the
formation of two phase flows, i.e. a flow core with RBCs at the
centre region and a cell-depleted fluid flowing near the wall. In
microcirculation, the CFL plays an important role in reducing the
flow resistance and in balancing nitric oxide (NO) production by
endothelial cells and NO scavenging by RBCs (Kim et al. 2006,
2009; Namgung et al. 2014). This phenomenon due to its impor-
tant role in microcirculation is gaining an increasing interest to
better understand its microcirculatory functions at both physio-
logical and pathophysiological conditions. Moreover, the recent
developments on the production of biocompatible nanoparti-
cles as the next generation of drug-delivery vehicles, tumour
therapy and imaging probes have led to a growing interest for
a deeper understanding on the transport of nanoparticles in
microcirculation (Bjérnmalm et al. 2014; D’Apolito et al. 2016;
Rodrigues et al. 2016). The majority of the CFL studies have been
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performed in straight microvessels (Tateishi et al. 1994; Kim et al.
2006, 2009; Dietzel et al. 2014; Namgung et al. 2014), in micro-
channels with simple geometries (Lima et al. 2009; Garcia & Lima
2012; Sampaio et al. 2015) and microfluidic devices with artificial
geometries to perform blood plasma and cells separation (Pinho
et al. 2013; Rodrigues et al. 2015; Tripathi et al. 2015). Overall,
those studies have found that the CFL always forms around
the walls and its thickness depends mainly on the haematocrit,
size and geometry of the vessel or microchannel. In addition,
experimental studies performed at both in vivo and in vitro con-
ditions have shown the RBC aggregation tend to promote the
increase of the CFL thickness (Mchedlishvili & Maeda 2001; Ong
et al. 2011; Namgung et al. 2015). Mehri et al. (2014) have also
investigated the effect of RBC aggregation at different flow rates
and haematocrits. They have observed that the aggregates tend
to be larger at low flow rates and high haematocrits. Recently,
several research studies have found that bifurcations and con-
fluences may also have a strong impact on the CFL and conse-
quently on the blood flow velocities (Ishikawa et al. 2011; Leble
et al. 2011; Pinto et al. 2014; Sherwood et al. 2014). Leble and
his colleagues (2011) have observed that trace particles tend to
flow to locations just after the confluence apex. However, at this
location labelled RBCs were not able to be measured due to the
formation of a CFL around the confluence apex. These results
have revealed that parameters such as topology and geometry
are likely to influence the blood flow behaviour in microvascu-
lar networks. However, to best of our knowledge, there are no
CFL quantitative studies at microfluidic network composed of
several divergent and convergent bifurcations. In this study,
measurements of the CFL thickness were performed along
a microchannel network using both manual and automatic
methods.

For low concentration of blood cells, the micro-PIV method-
ology is a suitable approach to study blood flow phenomena in
microcirculation (Popel & Johnson 2005; Lima et al. 2006, 2008;
Garcia & Lima 2012; Pitts & Fenech 2013; Mehri et al. 2014).
However, for high concentration of blood cells the light absorbed
by the cells contributes to decrease the concentration of tracer
particles in the acquired images which promotes errors in the
micro-PIV measurements (Lima et al. 2007). For this reason, man-
ual tracking methods have been used to track the motion of indi-
vidual cells at moderate and high concentration of blood cells
(Lima et al. 2009; Leble et al. 2011; Saadatmand et al. 2011; Pinho
et al. 2013, 2016). Manual methods have the advantage to per-
form direct visualisations and measurements of the targeted cells.
Although the manual methods can be extremely reliable they are
highly time consuming and may introduce operator errors into
the data. To overcome these drawbacks, several automatic and
semi-automatic methods have been proposed to measure blood
phenomena happening in microvessels and microfluidic devices
(Sbalzarini & Koumoutsakos 2005; Ong et al. 2011; Pinho et al.
2012; Yaginuma et al. 2013; Taboada et al. 2015). For instance,
Pinho et al. (2012) have developed a MATLAB module, based
on a threshold algorithm, to track automatically RBCs flowing
through a glass capillary. More recently, Taboada et al. (2015)
have proposed an automatic image analysis technique, based
on a keyhole algorithm, able to measure automatically both
motion and deformability of individual RBCs. Although the exist-
ent automatic methods can perform automatic measurements,

the RBCs tracking trajectories tend to fail at moderate and high
haematocrits and as a consequence these methods are not suit-
able to measure the CFL thickness. Hence, in this work, a simple
and fast automatic image-processing method was developed,
in a MATLAB environment, to measure the CFL thickness along a
microchannel network.

The main purpose of this work is to measure and characterise
the CFLin a polydimethylsiloxane (PDMS) microchannel network
fabricated by soft lithography. In particular, we intend to quan-
tify how flow conditions, cells concentration, channel size and
topology affect the dynamic behaviour of the CFL layer varia-
tion along a microfluidic network composed of several divergent
and convergent bifurcations. To accomplish it, a well-established
manual method was first used to measure the CFL thickness.
Additionally, the experimental data obtained by the manual
method was compared with the measurements performed by
an automatic image-processing method developed in a MATLAB
environment. Due to its simplicity and high-speed image process-
ing, the suggested automatic method may prove to be an appro-
priate method to automatically determine the CFL thicknessin a
network of microfluidic channels.

2. Materials and methods
2.1. Working fluids and network geometry

The working fluid used in the current study was fresh and
healthy ovine RBCs suspended with dextran 40 (Dx40).
Ethylenediaminetetraacetic acid was added to the collected
blood to prevent coagulation. All samples were centrifuged
twice with physiological saline in order to separate the RBCs
from the other blood elements. The washed RBCs were then
suspended in Dx 40 to obtain the planned hematocrits (Hct). In
this study, we have used RBCs concentration by volume of 5 and
10% that can also be observed in in vivo microvascular environ-
ments (Fung 1997).

The microchannel network composed of several divergent
and convergent bifurcations fabricated for the proposed assays
have been produced in PDMS by a conventional soft-lithography
technique. More detailed information about the microfabrication
technique used in this work can be found elsewhere (Lima et al.
2008; Faustino et al. 2016).

The geometry and dimensions of the microchannel network
is shown in Figure 1.The network consists of three divergent and
convergent bifurcations with microchannels of widths ranging
from 221.6 um down to 32.2 um (see Figure 2). The microchannels
have a constant depth of about 58 um throughout the PDMS
microfluidic device. The depth of the microchannel was measured
by performing microscopic visualisations of the channel’s cross
section along the full length of the network.

2.2. Experimental set-up

The experimental set comprises an inverted microscope (IX71,
Olympus, Japan) combined with a high-speed camera (i-SPEED
LT, Olympus, Japan) (see Figure 3). The PDMS microchannel net-
work was placed on the stage of the inverted microscope where
a syringe pump (PHD ULTRA, Harvard Apparatus) was used to
control the flow rate (1 puL/min) of the working fluids.
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Figure 1. Geometry and dimensions of the microchannel network.

D2

N\
/
N
a

F2

Figure 2. Schematic view of the geometry and dimensions of the microchannel network with the following widths: A, (inlet) = A, (outlet) = 221.6 um; B, =B, =117.9 um;
C1=C,=97.6 um;D1=D,=66.2 um; E, =E,=E, =E,=55.6 um; F, =F, = 32.2 um. The depth of the microchannels is approximately 58 um.

High-speed camera
(I-SPEED LT, Olympus)

Figure 3. High-speed video microscopy system used to control and visualise the
fluids flowing through the microchannel network. The main components of this
system are an inverted microscope (IX71, Olympus), a high-speed camera (i-SPEED
LT, Olympus) and a syringe pump (PHD ULTRA).

2.3. Image analysis and processing

The images were captured around the midplan of the micro-
channel at a rate of 50 frame/s and with a resolution of 600 x 800
pixels. Additionally, all the recorded images were transferred
to a computer and then evaluated using two different image

analysis approaches, i.e. a manual and an automatic method. For
both methods, the ratio to convert pixels to microns was 1.45
Px/pm.

2.3.1. The manual method

MTrackJ plugin (Meijering et al. 2006), available on the Image J
software (Abramoff et al. 2004), was used to track individual RBCs
flowing around the edge of the cells core (Point 2 in Figure 4).
Using the MTracklJ plugin, the centroid of the selected cell was
automatically calculated and the nearest wall position was
measured (Point 1 in Figure 4). Hence, the CFL thickness was
measured as the distance between the tracked RBCs flowing
around the edge of the cells core and the nearest microchannel
wall (see Figure 4).

2.3.2. The automatic method

The automatic method approach was based on the movement
of the RBCs. Sequences of frames were acquired and processed
using image processing techniques in Matlab. Figure 5(a)) shows
a frame of this sequence.

Initially, an image was obtained that represents the sum of the
absolute differences of all N frames (fr, fori = 1,...,N), i.e. the
difference of each consecutive frame was calculated and then all
these absolute differences were summed, as represented in (1).

N
diff = " |fr, = fr,_,|.

i=2

(M
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The resulting image (see Figure 5(b))) is a threshold of the
image diff, yielding an image in which black corresponds to the
RBCs flowing within the microchannel (where the movement
between frames was detected) and white corresponds to the
background of the microchannel.

In order to obtain the position of the channel wall and con-
sequently measure the CFL, all the histogram-equalised frames
were multiplied (see Equation (2)), where fri” is the equalised his-
togram of fr,, fori = 1, ..., N.The result of this operation is shown
in Figure 5(c)).

N
prod = H fr! 2
i=1

Cell-free Layer (CFL)

Figure 4. Trajectory of a RBC (point 2) flowing around the edge of the RBCs core.
Point 1 corresponds to the wall of the microchannel. The trajectory was obtained
by using the manual method.

(a)

The final result of the automatic method is obtained by the
multiplication of the image diff by the image prod. This result
is shown in Figure 5(d)) where it is possible to measure the CFL.

3. Results and discussion

The results of the dynamic behaviour of the CFL layer variation
along a microfluidic network, for in vitro blood with Hcts of 5 and
10% are presented and discussed in this section. The experimen-
tal results were obtained not only by a well-established manual
method but also by an automatic image-processing method
developed in a MATLAB environment.

3.1. Invitro CFL visualisations

Using the high-speed video microscopy system shown in
Figure 3, it was possible to visualise the working fluids flowing
through the network and to identify several flow phenomena
that happen in microcirculation. Figure 6 shows representative
flow visualisations of in vitro blood with 5% Hct and 10% Hct
at a complex branching network. Additionally, in Figure 6 it is
possible to observe a distinctive CFL along the lower (LW) and
upper walls (UW) of the microchannel network. As expected,
around the bifurcations apex the RBCs concentration tend to
increase and as a result no CFL was observed. Furthermore, it
should be noted that in this study no CFL was observed at the
regions immediately downstream of the confluences. This latter
observation is in contrast not only with the results obtained by
Ishikawa et al. (2011), Leble et al. (2011) and Pinto et al. (2014)
but also with our recent findings with moving microbubbles in
microchannels (Bento et al. 2017). One possible explanation of
this divergence could be due to the different dimensions and
geometries used in the current study.

(b)

Figure 5. Automatic method: (a) One frame of the acquired sequence, this frame was acquired by i-SPEED LT, Olympus camera at 50 frames per second and a resolution of
600 x 800; (b) result of the first step of the automatic method: the threshold defines the area of the flowing RBCs in the channel (black pixels are the channel); (c) Result
of the second step of the automatic method; (d) the final result by applying the automatic method.
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Figure 6. Visualisation of in vitro blood with 5% Hct and 10% Hct flowing in a microchannel network.

3.2. CFL measurements

To investigate how the CFL thickness can be affected by the
microfluidic network manual measurements of the cells flowing
around the boundary region of the RBCs core were performed.
Although manual methods have the advantage to perform
direct measurements of the targeted RBCs, these methods can
be also extremely time consuming and may introduce operator
errors into the data. In order to reduce the human measurement
error, manual measurements were performed by six different
users. Note that, each user has tracked at least three RBCs flow-
ing around the edge of the cells core which corresponds to the
CFL boundary. Additionally, to reduce the measurement time
and improve to consistency of the obtained data a simple auto-
matic method described in Section 2.3 was also used to meas-
ure the CFL thickness along the network. It should be noted that
all the CFL measurements were performed in channel locations
where the CFL was fully developed.

Figure 7 shows measurements of the CFL thickness at the
regions A1 and A2 which corresponds to the inlet and outlet of

the parent microchannels, respectively. In this figure, it is also
shown the CFL thickness at both lower and upper walls of the
network. Overall, we have found a close agreement between both
walls. Hence, we have decided for clarity, to only show the CFL
average results of the lower and upper walls, for the remaining
regions of the network. From these results, it is also clear that the
Hct play an important role on the CFL thickness as it decreases by
increasing the Hct. This observation is consistent with the data
obtained by both manual and automatic methods. It should be
noted that the consistency of the values at a low Hct (5%) indi-
cates that the automatic method can produce relatively good
results of the CFL thickness. However, at a moderate Hct (10%), it
seemed to slightly overestimate the CFL thickness as the obtained
values were always higher than those measured with the manual
method.

Figure 8 shows the calculated values for the CFL thickness at
the larger daughter branches of the network, i.e. B,, B,, C, and
C,. For 5% Hct, the results obtained with both methods show
an apparent good agreement. Additionally, these measurements
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Figure 7. CFL thickness obtained by both manual and automatic methods for
blood flows of 5% Hct and 10% Hct, at the regions A, and A, of the microchannel
network. The measured values are expressed as the means =+ standard deviation
according to a t-test analysis at a 95% confidence interval.

64 Bl mB2 mCl mC2
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14 4 <<<>>>
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CFL thickness (pum)

10% Htc

5% Htc

Figure 8. CFL thickness obtained by both manual and automatic methods for
blood flows of 5% Hct and 10% Hct, at the regions B,, B,, C;, C,, of the microchannel
network.

Note: The measured values are expressed as the means + standard deviation according to a
t-test analysis at a 95% confidence interval.

indicate that the CFL thickness tends to decrease as the width of
the microchannel network reduces. However, for 10% Hct such
tendency was not evident, probably due to a compensation
promoted by an increase of the local Hct at the larger daughter
branches. It should be noted that this compensation did not hap-
pen for instance at A, to B, and C,. Overall, these results indicate
that the bifurcations with different widths promote an uneven
distribution of blood cells throughout the microchannel network.
Nevertheless, in the network geometry tested in this work, this
local Hct heterogeneity tends to recover to its initial feed Hct
conditions at the outlet parent microchannel as the CFL thickness
forboth A, and A, has similar values. It is worth mentioning that
although at a moderate Hct (10%) the values from the automatic
method are slightly overestimated, still possible to conclude that
the CFL thickness is smaller than values obtained with a Hct of 5%.

The CFL thickness measurements were also performed at the
smaller daughter branches (D, E and F). The results from Figure 9
reinforce the previous results regarding the influence of the Hct
on the CFL thickness, i.e. it decreases by increasing the Hct. Here,
it is also possible to observe that at a low Hct (5%) the values

16 4 mDl mD2 mE1l mE2
WE3 "E4 mF1 " F2

“uy D1 D2

wlo <l

10 1 F1 F2

CFL thickness (pum)
[+

10% Htc

5% Htc

Figure 9. CFL thickness obtained by both manual and automatic methods for
blood flows of 5% Hct and 10% Hct, at the regions D, D,, E,, E,, E,, E,, F, and F, of
the microchannel network.

Note: The measured values are expressed as the means + standard deviation according to a
t-test analysis at a 95% confidence interval.

obtained with the automatic method are in good agreement with
those determined with the manual method. However, when com-
pared with moderate Hct (10%), one can observe small deviations
between both methods. In order to investigate the agreement
between the two methods, a linear regression analysis was per-
formed along the network (see Figure 10).

Overall, the CFL measurements have shown a close agreement
between both manual and automatic methods at a low Hct (5%).
However, by increasing the Hct it is possible to observe small devi-
ations between both methods. By performing a linear regression
analyses for both methods at two different Hcts, it is clear that
the measurements performed with 5% Hct show the closest slope
(1.0973) to the unit and the closest interception (-0.4841) to zero.
Hence, these analyses shows that the closest agreement between
both methods is observed for the lowest haematocrit studied
(5% Hcts). It should be noted that the accuracy of the proposed
automatic method to calculate the CFL thickness depends on the
acquired image quality, particularly on the contrast and intensity
of the pixels between the microchannel wall and RBC core. Hence,
automatic methods to measure the CFL thickness require images
able to provide a clear distinction of the edge of the wall and
RBC core. Overall, the results obtained from the present study
indicate that accuracy of the proposed automatic method tends
to be reduced by increasing the Hct. In fact, the increment of the
amount of RBCs flowing within the microchannels and the conse-
quent reduction of the CFL thickness around the wall, have played
a crucial role in reducing the quality of the acquired images. As
a result, the linear correlation slope has increased to about 1.8
for an Hct of 10% (see Figure 10). Hence, although the proposed
automatic method has several advantages such as simplicity and
fast image processing, this method may be limited to calculate
the CFL thickness with Hcts smaller than 10%.

3.3. Comparison with previews studies

The CFL is a physiological phenomenon that happens at the
micro scale level at both in vivo (Tateishi et al. 1994; Kim et al.
2006, 2009; Ong et al. 2012; Dietzel et al. 2014; Namgung et al.
2014) and invitro (Leble et al. 2011; Garcia & Lima 2012; Sampaio
etal. 2015; Bento et al. 2017) environments. Due to its important
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Figure 10. Linear regression analyses for both automatic and manual methods at two different Hcts: (a) 5% Hct; (b) 10% Hct.
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Figure 11. Comparison between the CFL manual and automatic measurements obtained by present study and the previews results obtained at in vivo and in vitro

environments.

Note: The hydraulic diameter was defined by Dh = 4A/P, where A is the microchannel cross-sectional area and P is the wetted perimeter.

role in microcirculation, several previous measurements of the
CFL thickness have been performed in microvessels (Kim et al.
2006, 2009) and microchannels (Leble et al. 2011; Garcia & Lima
2012; Sampaio et al. 2015) having simple geometries. Figure 11
shows a comparison between the current CFL measurements
and some past results obtained at both in vivo (Tateishi et al.
1994; Kim et al. 2006, 2009; Ong et al. 2012; Dietzel et al. 2014;
Namgung et al. 2014) and in vitro (Leble et al. 2011; Garcia &
Lima 2012; Sampaio et al. 2015) environments.

Although the previous CFL measurements were not per-
formed in micro-networks several similar qualitative features
were found. For instance, all past studies have shown that the
CFL thickness is diameter dependent as the CFL enhances as the
diameter increases. In present study, this phenomenon was also
observed along the network. It was found that the lowest CFL
values occurred at the smaller dimensions of the microchannel

network. Another interesting phenomenon was the clear ten-
dency of the CFL to decrease with the increment of the Hct. This
latter result corroborates the in vivo CFL measurements per-
formed by Tateishi et al. (1994). Hence, this qualitative comparison
shows that there are several similar CFL phenomena happening
at both simple geometries and complex microchannel network.
However, to acquire more detailed insights about the blood rhe-
ological properties in microvascular networks, in the future it is
important to compare our in vitro flow results with in vivo blood
flows happening in micro-networks.

4. Conclusions

In the present work, we reported CFL layer measurements along
a microfluidic network composed of several divergent and con-
vergent bifurcations. The images were acquired by means of a
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high-speed video microscopy system and the CFL layer results
were obtained from a well-established manual method and an
automatic image-processing method developed in a MATLAB
environment. The CFL measurements were performed for two
different concentrations of RBCs, i.e. 5 and 10% Hct. Overall,
the results have shown that the cells concentration, channel
size and topology of the tested microfluidic network affect the
dynamic behaviour of the CFL layer. It was observed that the CFL
thickness decreases as the fluid flows through a microchannel
network composed with successive smaller channels. Moreover,
measurements with different concentrations have shown that
the CFL thickness increases with the decrease of the Hct. These
observations obtained by both manual and automatic methods,
are in close agreement with in vivo measurements performed
in microvessels composed by simple geometries. Additionally,
qualitative results have shown that the bifurcations with differ-
ent widths promote an uneven distribution of RBCs throughout
the microchannel network. However, our results indicate that
this local Hct heterogeneity tends to recover to its initial feed
Hct conditions at the outlet parent microchannel. A key feature
of the present work is the observation of clear and distinctive
CFL along the lower and upper walls of the microchannel net-
work. However, in contrast with some past in vitro studies, no
cell-depleted zone was observed at the regions immediately
downstream of the confluences. One possible explanation of
this divergence could be due to the different dimensions and
geometries used in the current study.

Regarding the proposed automatic method, its simplicity and
fast image processing may prove useful to determine the CFL
thickness in a fast and automatic way. However, and like other
automatic methods the one tested in the present study depends
on the image quality, particularly on the contrast and intensity of
the pixels between the microchannel wall and RBC core. Hence,
we believe that automatic methods need always to be calibrated
by manual methods, especially at moderate and high Hct, i.e. for
Hcts bigger than 10%.

The influence of the CFL in the microcirculation system needs
to be better understood. The results obtained by the present
study not only provide new findings related to the CFL variation
along a microchannel network but also will help to validate and
develop more realistic multiphase numerical models of blood
flowing through microvascular networks.
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