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a b s t r a c t

A common indicator of rheological dysfunction is a measurable decrease in the deformability of red
blood cells (RBCs). Decreased RBC deformability is associated with cellular stress or pathology and can
impede the transit of these cells through the microvasculature, where RBCs play a central role in the
oxygenation of tissues. Therefore, RBC deformability has been recognized as a sensitive biomarker for
rheological disease. In the current study, we present a strategy to measure RBC cortical tension as an
indicator of RBC deformability based on the critical pressure required for RBC transit through microscale
funnel constrictions. By modeling RBCs as a Newtonian liquid drop, we were able to discriminate cells
fixed with glutaraldehyde concentrations that vary as little as 0.001%. When RBCs were sampled from
healthy donors on different days, the RBC cortical tension was found to be highly reproducible. Inter-
individual variability was similarly reproducible, showing only slightly greater variability, which might
reflect biological differences between normal individuals. Both the sensitivity and reproducibility of
cortical tension, as an indicator of RBC deformability, make it well-suited for biological and clinical
analysis of RBC microrheology.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The deformability of red blood cells (RBCs) is critical for their
transit through the smallest capillaries and is a potent indicator of
the health of the cell. Cellular deformability is diminished in RBCs
during cellular senescence (Waugh et al., 1992), environmental
stress (Antonelou et al., 2010) and micronutrient deficiency
(Paterson et al., 1994, 1987; Yip et al., 1983). Furthermore, reduced
deformability is common to numerous rheological pathologies,
such as malaria parasite blood-stage infection (Glenister et al.,
2002; Guo et al., 2012b; Herricks et al., 2009a, 2009b; Hosseini
and Feng, 2012; Miller et al., 1972; Mills et al., 2007; Shelby et al.,
2003; Suresh et al., 2005), sickle-cell disease (Brandão et al., 2003;
Clark et al., 1980; Nash et al., 1984), thalassemia (Advani et al.,
1992), elliptocytosis and spherocytosis (Clark et al., 1983;
Wandersee et al., 2004). Diminished RBC deformability may be a
consequence of disease related cell stress, since reduced RBC
deformability can arise from cytoskeletal crosslinking following
oxidative stress (Scott et al., 1993, 1992), membrane lipid

peroxidation (Dobretsov et al., 1977; Gutteridge, 1995) and vesi-
culation (Wagner et al., 1987). However, a decrease in RBC
deformability may also contribute to the pathology of rheological
diseases, as RBCs must undergo significant cell deformation to
enter the microvasculature where they play a critical role in
respiratory gas exchange. Together, the association between RBC
deformability and disease pathology makes the measure of cellular
deformability an important biomarker for rheological dysfunction.

The primary challenge associated with measuring cell deform-
ability is that it has a complex rheological property that relies on
numerous parameters (cell volume, surface area, cytoplasmic visc-
osity, and membrane elasticity) (Musielak, 2009). Cell deformability
can be inferred from the cellular response to the flow of fluid, such as
adsorption or flow rate of the cell suspension through a microfilter
(Reid et al., 1976; Worthen et al., 1989) or cell elongation under
constant shear stress by rheometry or ektacytometry (Bussolari et al.,
1982; Fischer et al., 1978). Filtration strategies are simple to perform
but they lack adequate measurement sensitivity while rheometry
and ektacytometry have suitable sensitivity for clinical application
but are technically difficult to perform and require labor-intensive
instrument maintenance between measurements (Groner et al.,
1980). Furthermore, both of these strategies only assess the bulk
mechanical properties of the cell population and extremely stiff RBC
subpopulations may confound measurement of cell deformability.

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/jbiomech
www.JBiomech.com

Journal of Biomechanics

http://dx.doi.org/10.1016/j.jbiomech.2014.03.038
0021-9290/& 2014 Elsevier Ltd. All rights reserved.

n Corresponding author at: Department of Mechanical Engineering, University of
British Columbia, 2054-6250 Applied Science Lane, Vancouver, BC, Canada V6T 1Z4.
Tel.: þ1 604 827 4703; fax: þ1 604 822 2403.

E-mail address: hongma@mech.ubc.ca (H. Ma).

Journal of Biomechanics 47 (2014) 1767–1776

www.sciencedirect.com/science/journal/00219290
www.elsevier.com/locate/jbiomech
http://www.JBiomech.com
http://www.JBiomech.com
http://dx.doi.org/10.1016/j.jbiomech.2014.03.038
http://dx.doi.org/10.1016/j.jbiomech.2014.03.038
http://dx.doi.org/10.1016/j.jbiomech.2014.03.038
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiomech.2014.03.038&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiomech.2014.03.038&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiomech.2014.03.038&domain=pdf
mailto:hongma@mech.ubc.ca
http://dx.doi.org/10.1016/j.jbiomech.2014.03.038


Alternatively, the RBC deformability can be accessed from the
measurement of single cells. Micropipette aspiration involves partial
or complete aspiration of a cell into a glass micropipette and relating
the suction pressure to the length of cellular protrusion into the
micropipette (Evans and La Celle, 1975; Glenister et al., 2002; Nash
et al., 1989; Paulitschke and Nash, 1993). This method measures the
shear elastic modulus of the cell membrane, a contributing factor to
the deformability of the cell. Another single cell technique, the
optical tweezer, uses laser beams to apply a controlled displacement
to measure the force-displacement curve between two locations on
the RBC membrane (Mills et al., 2007, 2004; Suresh et al., 2005).
A third strategy, atomic force microscopy, measures the repulsive
force between the surface of a cell and a flexible cantilever (Chen
et al., 2009). While single-cell analysis provides precise measure-
ments, these techniques are laborious and only measure the proper-
ties of individual cells.

Microfluidic technologies offer the potential for high-
throughput single-cell analysis. The most established techniques
are adaptations of the cell transit analyzer (CTA) that infers
RBC deformability from the time for individual cells to transit
micropore structures (Moessmer and Meiselman, 1990). CTA has
detected differences in deformability of RBCs from healthy
and diseased individuals (Baskurt et al., 1996; Koutsouris et al.,
1989; Scott et al., 1993, 1992). Adaptations of this approach
measure RBC deformation in capillary obstructions and tapered
constrictions (Shelby et al., 2003), transit through constrict-
ions (Gifford et al., 2006, 2003; Herricks et al., 2009a, 2009b),
pressure drop while transiting constrictions (Abkarian et al.,
2006), and elongation via fluid shear stress (Forsyth et al., 2010;
Katsumoto et al., 2010; Lee et al., 2009). Some common limitat-
ions of these approaches are that their measures of RBC deform-
ability do not account for variation in cell size, nor do they account
for friction between the cell surface and the vessel walls (Zheng
et al., 2012).

We present a strategy to infer RBC deformability based on the
critical pressure required to deform a RBC through a microscale
pore. The RBC may be regarded as a Newtonian liquid drop
because it is anucleate and the membrane elasticity, not cytoplas-
mic viscosity, is the primary determinant of cell deformability
(Evans and Hochmuth, 1976). Using the Law of Laplace, we calculate
the RBC cortical tension and use this to assess cell deformability.
We provide empirical evidence for this simplistic model of a RBC
by presenting a microfluidic strategy capable of highly robust and
sensitive measurement of RBC cortical tension.

2. Materials and methods

2.1. Sample preparation

Blood was sampled from donors by finger-prick, following informed consent, using
a sterile lancet. RBCs were washed in Phosphate Buffered Saline (PBS; CaCl2-free and
MgSO4-free; Invitrogen, Carlsbad, CA), by centrifugation 700g for 5 min, and diluted to a
hematocrit of 0.005 l/l. Washed RBCs were incubated for 30 min (25 1C) with 0–0.003%
glutaraldehyde (GA; Alfa Aesar, MA). After incubation, the RBC suspension was washed
three times in PBS and resuspended in 0.2% Pluronic™ F-127 (Invitrogen) in PBS, where
indicated. Microfluidic analysis was performed immediately.

2.2. Microfluidic device design and operation

The microfluidic device consists of a control layer, that controls valve constric-
tion, and a flow layer, that consists of microchannels and a funnel constriction and
was fabricated as described previously (Guo et al., 2012a). The flow channel was
pre-incubated for 30 min with a PBS, supplemented with 5% Pluronic™ F-127 and
5% bovine serum albumin (BSA; Sigma-Aldrich, St Louis, MO). The control channels
were filled with de-ionized water.

Cells were infused into the flow layer inlet, with valves 1 and 2 closed (Fig. 1A).
Narrowing of the microchannel from 200 mm to 50 mm (Fig. 1B) increases the flow
speed and spacial resolution between individual cells, such that only one cell
transits the funnel region at one time. As the cell enters the constriction region
(Fig. 1C), valves 1 and 2 are closed and valves 3 and 4are opened to precisely control
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Fig. 1. Design and operation of the microfluidic device for determination of cell deformability. (A) The flow layer of the microfluidic device consists of a pressure attenuator,
to precisely control the applied pressure, and a funnel chain, where cell deformation is observed and recorded. Micrographs of cell inlet show that (B) cells accelerate through
the narrow channels of the device and (C) are conducted to the funnel chain. (D) Panel of micrographs showing the deformation of a single red blood cell as it passes through
the microfluidic funnel.
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the applied pressure. The cells enter a funnel with a 301 contraction angle that
terminates in microscale pores, sized such that the RBCs obstruct fluid flow must
deform during transit (Fig. 2). An externally applied pressure is attenuated using
a pressure-divider fluidic circuit, similar to a voltage divider circuit, such that the
pressure applied across ports (a) and (b) is divided by a factor of 100 over segments
(c) and (d) (Fig. 1A). The applied pressure is increased (0.3 Pa/step) until the cell
transits the constriction (Fig. 1D). This threshold pressure was recorded and used to
calculate the RBC cortical tension (Tc) using a model of the deformation process.
Video microscopy was used to ensure that only a single cell entered the funnel
region and to identify the threshold pressure required for funnel transit. For each
sample Z40 cells were analyzed and this procedure was performed within 30 min.

While the device reported in this study represents a proof-of-principle, we have
ongoing efforts to parallelize this device by 90-fold to process �1000 RBC/h.

2.3. Device geometry measurement

The geometries of the constriction include the vertical height and planar
width. The width of the minimum constriction (pore size) is measured by digital
microscopy and measurement, using ImageJ, v1.46r (Abramoff et al., 2004).
The height of the constriction was measured within 0.1 nm using the Wyko
NT1100 (Veeco, Tuscon, AZ) whitelight interferometer.
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Fig. 2. Geometric representations of both red blood cells (RBCs) and the relevant funnel constrictions used in this analysis. (A) A scale representation of both an RBC and
the funnel pore geometries. (B) A 3D plot illustrating the deformation of a RBC through a microscale pore. (C) Top view illustration of a single RBC at the critical point of the
funnel constriction (Ra¼W0/2); Ra and Rb are the leading and trailing radii formed by the applied pressure difference P2�P1 from either end of the cell. (D) Side view of
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and H0 denotes the thickness of the funnel.
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3. Results and discussion

3.1. Model for evaluating RBC deformability based on threshold
pressure

We developed a microfluidic system based on the principles of
microfiltration. A precisely controlled applied pressure deforms
RBCs (diameter¼7.8 μm; thickness¼2.58 μm) (Kwan et al., 2013)
through a funnel pore of defined geometry (Fig. 2A). We hypothe-
sized that RBC deformability may be inferred from the threshold
pressure required to transit the pore. This strategy resembles that
of CTA (Moessmer and Meiselman, 1990) except that threshold
pressure, rather than cell transit time, is used to infer cell
deformability. However, we suspected that this measure would
be dependent on the geometry of the pore and we generated pores
with distinct dimensions to test this hypothesis.

As an alternative strategy we inferred RBC deformability from
membrane cortical tension by assuming that the RBC behaves as
a Newtonian liquid drop when constricted through a microscale
pore. For an intracellular pressure (PC), P1 and P2 are the pressures
applied from leading and trailing edges, respectively. Ra and Rb as
well as Rc1 and Rc2 are the radii of the leading and trailing edges
constricted by the width and height of the funnel H0, respectively
(Fig. 2C and D). Using the Laplace Law

P1�Pc ¼ TC
1
Rc1

þ 1
Ra

� �
ð1Þ

P2�Pc ¼ TC
1
Rc2

þ 1
Rb

� �
ð2Þ

To find an expression for the applied pressure on the entire cell,
we subtract (1) from (2)

P2�P1 ¼ TC
1
Ra

þ 1
Rc1

� 1
Rb

� 1
Rc2

� �
ð3Þ

RC1 and RC2 are both constrained by the funnel height; therefore
these two radii are approximated as being equal. This reduces Eq. (3)
to the following final form:

Pthreshold ¼ TC
1
Ra

� 1
Rb

� �
ð4Þ

In this model, threshold pressure for cell transit through a constric-
tion depends on the width of the cell (Ra) and funnel pore (Rb), while
TC remains constant. TC represents the cortical tension of a cell
membrane, a property that contributes to the deformability of
the cell.

Evans and Yeung proposed that granulocyte cortical tension
could be assessed using the Law of Laplace (Evans and Yeung, 1989).
This model was replaced by the multi-layered compound drop
model on the basis that cells consist of a cytoplasm as well as a 10-
fold more viscous nucleoplasm (Dong et al., 1991; Hochmuth et al.,
1993).
In contrast with granulocytes, RBCs better resemble a liquid drop
because they have no nucleus and the effect of cytoplasmic
viscosity on cell deformability is neglegible, compared to the
membrane cortical tension (Evans and Hochmuth, 1976). Further-
more, while the membrane of granulocytes is highly perforated by
microvilli, the surface of RBCs is smooth and the surface-area-to-
volume ratio of healthy RBCs deviates by o10% (Waugh et al.,
1992). Together, the liquid drop model permits a robust measure-
ment of RBC cortical tension that accounts for cell size.

3.2. Minimizing sliding friction

Eq. (4) models the threshold pressure to induce cell transit
through a constriction of defined geometry. However, this equation

fails to account for the frictional effects of the vessel wall. Sliding
friction reduces the transit velocity of cells through the funnel pore
(Byun et al., 2013) and this association is non-linear (Preira et al.,
2013). Rather than by inducing frictional effects in the existing
model, we reduced effects of sliding friction by introducing a
lubricating film at the interface between surfaces of both cell and
vessel surfaces.

Pluronic™ F127 (Poloxamer 407) has been previously employed to
prevent non-specific protein adsorption on the surface of microfluidic
systems (Luk et al., 2008). Furthermore, 5% Pluronic™ F127 solutions
do not exhibit an inherent cytotoxicity even after 24 h of incubation
(Exner et al., 2005). Other studies report that poloxamers do not alter
cell shape or size (Hebbel et al., 1987; Karleta et al., 2010). Similarly,
we observed no morphological differences among RBCs incubated
with Pluronic™ F127. We measured the cortical tension of 584
Pluronic™ F127-treated cells, using 14 chips, and 417 untreated cells,
using 10 chips, and observed a lower apparent cortical tension for
treated cells, compared to untreated controls (Fig. 3A) as well as
reduced the variation in measured cortical tension, compared to
untreated controls (Fig. 3B). Together, these data suggest that
lubrication of the interface between cell and vessel surfaces
diminishes the sliding friction between the two and may facilitate
more accurate and sensitive measure of cortical tension.

3.3. Validation of the liquid drop model

An important advantage of determining cortical tension, based
on the liquid drop model, is that it accounts for biological variation
in RBC size as well as variation in pore geometry, due to limitat-
ions associated with microfabrication. We treated RBCs with
Pluronic™ F127 and deformed them through microscale pores
of varied width (pore size 1.8–2.6 μm) and a height (thickness)
that was confined to 2.62 mm, 3.02 mm, and 3.25 mm, respectively
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(Fig. 2A). As predicted by the liquid drop model, the mean
threshold pressure (N¼40) was dependent on the constriction
geometry and correlated inversely with the constriction width
(Fig. 4A; r2¼0.937, 0.972 and 0.904, respectively).

In Eq. (4), the threshold pressure depends on the function
(1/Ra�1/Rb) and a constant cellular cortical tension (TC). Corre-
spondingly, the threshold pressure and function (1/Ra�1/Rb)
demonstrated a linear relationship (Fig. 4B). At a pore height of
2.62 mm or 3.02 mm there was a strong linear correlation
(r2¼0.943 and 0.992) and a consistent cortical tension of
10.8171.75 and 10.6071.75 pN/mm, respectively. At a pore
height of 3.25 μm, the correlation was lower (r2¼0. 837) and
the measured cortical tension was 12.1972.02 pN/mm (Fig. 4C).
A relatively poor relationship between threshold pressure and
device geometry for the tallest constriction may represent the
geometric limit of the device. We hypothesize that, in a taller
constriction, the RBC fails to obstruct fluid flow and greater

pressure may be required for the cell to transit the funnel pore,
due to fluid leakage, thereby inflating the predicted cortical
tension of the cell (Preira et al., 2013). Futhermore, the biocon-
cave shape of RBCs may cause them to fold into “parachute” or
“torpedo” shapes (Gregersen et al., 1967; Guest et al., 1963;
Skalak and Branemark, 1969) and may also potentially contribute
to fluid leakage. Together, these data suggest that the cortical
tension of RBCs can be robustly determined using constriction
pores ranging from 2.62–3.02 μm in height.

3.4. Intra-individual and inter-individual variability in RBC cortical
tension

Intra-individual variability and inter-individual variability in
RBC deformability have been extensively investigated by rheome-
try, ektacytometry and CTA. In healthy individuals, RBC deform-
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ability remains constant over the course of weeks except within
12–24 h of strenuous anaerobic exercise (Kikuchi et al., 1994;
Yalcin et al., 2003). However, RBC deformability is subject to

natural variability between individuals and can be significantly
affected by the age of the individual or pathology (Brun, 2002; El-
Sayed et al., 2005; Kikuchi et al., 1994; Yalcin et al., 2003).
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Using cortical tension as an indicator of deformability we
analyzed the RBCs from a single healthy donor, over 12 days,
and also compared the distribution in RBC cortical tension of six
healthy donors(N¼40). Consistent with previous reports (Kwan et
al., 2013), RBC cortical tension exhibited a distribution value
(Fig. 5A) that shows significant overlapping (Fig. 5B). The mean
TC did not vary significantly over the period of analysis, ranging
from 12.36–12.80 pN/mm (Fig. 5C). Together, these data demon-
strate that mean RBC TC can be reliably determined over time with
a mean coefficient of variance of 1.6%.

In contrast, while TC measurements from the RBCs six donors
also distributed normally (Fig. 6A), the TC distribution in Donors
1 and 5 was distinct from Donors 2, 3, 4 and 6 (Fig. 6B). Donor
1 displayed a mean TC that was significantly lower than all other
individuals except Donor 5 (Fig. 6C). Donor 5 has the next lowest
TC value but is only significantly lower than the largest value
(donor 2). Interestingly, even with this small cohort of healthy
donors, significant differences can be observed between the mean
TC of the sampled RBCs.

The consistent intra-individual variability and a low degree of
inter-individual variability, in RBC cortical tension is consistent
with previous reports (Kikuchi et al., 1994; Yalcin et al., 2003).
Kikuchi et al. (1994) reported that a potential limitation of the

filtration strategy was its dependence on the hematocrit of the cell
suspension, due to clogging of the filter matrix. In contrast, our
strategy directly assesses the cortical tension of individual cells in
isolation, such that the assessed cell is not affected by the
hematocrit of the source suspension. Furthermore, rather than
providing only a mean inference for cell deformability, as do the
strategies that assess mean elongation and filterability, our strat-
egy generates a profile of RBC cortical tension that would allow
assessment of cell subpopulations and deviation from a normal
distribution.

3.5. Measurement resolution using mild glutaraldehyde fixation

Glutaraldehyde (GA) fixation induces non-specific dose dependent
cross-linking of the cell membrane and has become a standard for
comparison of deformability measurement techniques (Baskurt and
Meiselman, 2013; Baskurt et al., 2009a; Mirossay et al., 1997). We
measured the threshold pressure for GA-treated (0–0.003%; N¼40)
RBCs to transit a 2.62 μm funnel pore. The derived TC distribution
became broader and the mean TC of the population increased with
increasing GA concentration (Fig. 7A). In contrast to untreated cells
(TC¼11.7271.66 pN/mm), RBCs incubated in as little as 0.0005% GA
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displayed a non-significant trend toward greater mean cortical tension
(TC¼12.2171.66 pN/mm; Fig. 7B). A significant difference in mean TC
was observed between all RBC samples incubated in GA concentra-
tions differing by 0.001%.

A valid criticism of our strategy is that the model of an RBC as
a liquid drop is overly simplistic. However, the robust and sensitive
measurement of GA-induced cytological changes suggests that the
measurement of cortical tension represents a phenomenological
observation that can yield insight into the deformability of the
RBC. While different techniques for assessing RBC deformability
examine distinct cytological characteristics we determined that
these techniques could be compared based on the relative changes
in RBC deformability that they report (Table 1). While CTA is not
regarded to be sufficiently precise nor sensitive, below 0.003% GA,
for reliable clinical utility (Baskurt et al., 1996), both ektacytometry
and our microfluidic strategy can robustly detect significant
cytological changes, associated with GA fixation at concentrations
as low as 0.001%. Our microfluidic strategy can detect a non-
significant 4.2% increase in mean cortical tension, following treat-
ment with 0.0005% GA, and a significant 18.04% increase
(po0.05), when treated with 0.001% GA (Table 1). Due to the
laborious nature of micropipette aspiration, there is little informa-
tion regarding its sensitivity at low GA concentrations. However, it
is interesting to note that the elastic shear modulus of intact
erythrocytes, treated with 0.005% GA, is 414% greater than
untreated cells (Heusinkveld et al., 1977).

We also assessed relatively the reproducibility of microfluidic
analysis, ektacytometry and CTA, by determining the coefficient of
variance (CoV) for each technique in both intra-individual and
inter-individual RBC analysis (Table 2). While all three techniques
displayed moderate variation in intra-individual measurement
variability, the CoV for inter-individual analyses consistently
ranged between 5% and 10%, which may represent biological
variation between donors.

Ektacytometry has been well-established as a sensitive techni-
que for assessing RBC deformability and has been accepted as a
clinical standard, based on a large number of clinical studies.
However, ektacytometry requires the sample to be processed by
mixing with a highly viscous solution and is sensitive to variations
in the viscosity and electrolyte concentrations of the medium
(Mohandas et al., 1980). More importantly, ektacytometry mea-
sures only the mean deformability of the RBC population and

cannot discriminate cell deformability of RBC subpopulations
within the sample. Our microfluidic approach provides a distribu-
tion of cortical tension measurements for individual RBCs and is
scalable for high-throughput analysis.

4. Conclusions

While RBC deformability has been clinically adopted as a
relevant rheological parameter, conventional techniques for the
measurement of RBC deformability have the limitations of being
technically challenging and providing only an indirect measure of
RBC deformability. By modeling RBCs as a Newtonian liquid drop,
the current study presents a microfluidic strategy for directly
measuring the cortical tension of RBCs. This strategy was shown
to be comparable to conventional techniques for RBC deformabil-
ity measurement in measuring chemically induced as well as
biological variation in RBC deformability. This microfluidic strategy
permits inference about RBC deformability and may consequently
provide valuable information about RBC health and biomechanical
characteristics.
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Table 1
Comparison of three methods and the percentage inferred increase in cell rigidity, following glutaraldehyde (GA) treatment. Values are normalized against untreated cells.

Glutaraldehyde concentration Reference

0.0005% 0.001% 0.002% 0.003% 0.005%

Microfluidic funnel 4.20%n 18.04% 75.93% 201.53% – Current study
Ektacytometry – 23.82% – 57.09% 102.7% (Baskurt et al., 2009b)nn

Cell transit analyzer – 5.44% – 9.02% 19.22% (Baskurt et al., 1996)

n Non-significant increase at po0.05.
nn Based on SS ½ derived from the Lineweaver–Burke method.

Table 2
Comparison of the reproducibility of three techniques for the determination of RBC deformability. The coefficient of variance of measurements derived from the current
study, as well as ektacytometry and cell transit analyzer (CTA). The sample size (N) has been included for each study.

Coefficient of variance

Current study Ektacytometry CTA

Intra-individual variability 1.56% (N¼4) o5% (N¼10) (Baskurt et al., 2009a) 2.61% (N¼10) (Baskurt et al., 1996)
Inter-individual variability 5.90% (N¼6) 6.24% (N¼5); (Smith et al., 1999) 5.05% (N¼10) (Baskurt et al., 1996)

o10% (N¼10) (Baskurt et al., 2009a)
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