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The apparent viscosity of blood flowing through narrow glass tubes decreases strongly
with decreasing tube diameter over the range from about 300 μm to about 10 μm.
This phenomenon, known as the Fåhraeus–Lindqvist effect, occurs because blood is a
concentrated suspension of deformable red blood cells with a typical dimension of about
8 μm. Most of the resistance to blood flow through the circulatory system resides in
microvessels with diameters in this range. Apparent viscosity of blood in microvessels
in vivo has been found to be significantly higher than in glass tubes with corresponding
diameters. Here we review experimental observations of blood’s apparent viscosity in
vitro and in vivo, and progress towards a quantitative theoretical understanding of the
mechanisms involved.

© 2013 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

r é s u m é

La viscosité apparente du sang circulant à travers des tubes en verre décroît fortement
quand le diamètre du tube décroît d’une valeur d’environ 300 μm à environ 10 μm. Ce
phénomène, connu sous le nom d’effet Fåhraeus–Lindqvist, résulte du fait que le sang
est une suspension concentrée de globules rouges déformables d’une dimension typique
d’environ 8 μm. La majeure partie de la résistance à l’écoulement sanguin à travers le
réseau circulatoire a lieu dans des vaisseaux sanguins ayant à peu près la même taille
que les globules rouges. La viscosité apparente du sang dans des microvaisseaux in vivo se
trouve être bien plus importante que celle mesurée in vitro dans des tubes en verre de
même taille. Nous passons en revue les mesures expérimentales de la viscosité apparente
effectuées in vivo et in vitro, ainsi que les progrès théoriques réalisés vers une description
quantitative des mécanismes mis en jeu.

© 2013 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

The relationship between the pressure generated by the heart and the resulting flow in the circulatory system has
long been a subject of study. In the mid-nineteenth century, J.-L.-M. Poiseuille addressed this topic, and established the
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Fig. 1. Human RBCs flowing in glass tubes of approximate diameters 4.5 μm (top), 7 μm (middle), and 15 μm (bottom). The flow direction is from left to
right. Reproduced from [2] by permission.

fourth-power dependence of flow rate Q on diameter D , for a tube with given length L and for given driving pressure
�p [1]. This relationship is expressed in terms of ‘Poiseuille’s law’:

Q = π

128

�pD4

Lμ
(1)

where μ is the fluid viscosity. Blood, however, is a concentrated suspension of deformable cells, mainly red blood cells
(RBCs), and does not exhibit a unique well-defined viscosity when it flows in narrow tubes. The resistance to flow is
determined by the mechanical interactions between each RBC and the suspending medium, the tube walls, and other RBCs.
The complexity of this system is evident from microscopic observations of RBCs flowing in narrow tubes, as shown in Fig. 1.

Under such conditions, the effect of blood’s rheological properties on resistance to flow can be represented in terms of
its apparent viscosity, which is derived from Poiseuille’s law:

μapp = π

128

�pD4

Q L
(2)

For flow in a tube with given length and diameter, the resistance to blood flow (the ratio of pressure drop to flow) is directly
proportional to the apparent viscosity. In general, the apparent viscosity may depend on tube diameter, flow rate, hemat-
ocrit (volume fraction of RBCs), viscosity of plasma (the suspending fluid), biophysical properties of RBCs and biophysical
properties of the tube or blood vessel. The purpose of this review is to present a summary of experimental and theoretical
results concerning the apparent viscosity of blood and its underlying mechanisms, and to indicate some areas of current
investigation.

2. Experimental observations of apparent viscosity

2.1. Observations in vitro

Around 1930, Martini et al. [3] and Fåhraeus and Lindqvist [4] observed a marked decrease in the apparent viscosity of
blood in glass tubes with diameter decreasing below 300 μm, a phenomenon known as the Fåhraeus–Lindqvist effect. For
example, the apparent viscosity in a tube of diameter 40 μm is about 60% of its value in a 300-μm tube [4]. In subsequent
years, a number of authors measured the apparent viscosity of blood in narrow glass tubes. Most of these studies used
suspensions of human RBCs or whole human blood with anticoagulants. Results from several studies were assembled and
reanalyzed in 1992 by Pries et al. [5,6], who developed empirical equations to describe the dependence of relative apparent
viscosity μrel (the ratio of apparent viscosity to suspending medium viscosity) on tube diameter and hematocrit:
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Fig. 2. Dependence of relative apparent viscosity of blood in glass tubes on diameter, for different levels of discharge hematocrit, according to the empirical
equations (3)–(5).

μrel = 1 + (μ0.45 − 1)
(1 − H D)C − 1

(1 − 0.45)C − 1
(3)

where

μ0.45 = 220 exp(−1.3D) + 3.2 − 2.44 exp
(−0.06D0.645) (4)

and

C = (
0.8 + exp(−0.075D)

)(−1 + (
1 + 10−11 D12)−1) + (

1 + 10−11 D12)−1
(5)

Here D is the diameter in μm and H D is the discharge hematocrit, defined as the volume flow rate of RBCs as a fraction
of the total volume flow rate. The dependence of viscosity on diameter for H D = 0.45 (a typical value in humans) is given
by μ0.45. The quantity C describes the dependence of viscosity on hematocrit, which is approximately linear for diameters
up to about 8 μm but shows a highly nonlinear dependence at large diameters. In this study, only data obtained at high
shear rates (Ū/D � 50 s−1) were considered, where Ū is the mean velocity. Apparent viscosity is almost independent of
flow rate in this range, but increases at lower shear rates [5,7].

The dependence of relative apparent viscosity on diameter and discharge hematocrit, according to these equations, is
illustrated in Fig. 2. The trend of apparent viscosity to decrease with decreasing diameter continues down to about 7 μm. At
smaller diameters, relative apparent viscosity rises rapidly as the diameter approaches a critical minimum diameter, which is
about 2.7 μm. Although highly deformable, RBCs are subject to constraints of constant volume and almost constant surface
area. These constraints prevent passage of intact cells through tubes narrower than this critical diameter.

2.2. Observations in vivo

For many years, the observed reduction of blood’s apparent viscosity in narrow tubes [3,4] was assumed to apply also
to blood flow in the microvessels of living tissues. However, direct measurements in vivo are technically challenging due to
the difficulty of measuring pressure drops in microvessels. Lipowsky et al. [8,9] performed such measurements in vessels
with diameters in the range 10–60 μm and obtained estimates of apparent viscosity substantially higher than would be
expected based on the in-vitro behavior. The data from those experiments were not sufficiently comprehensive to establish
the dependence of apparent viscosity on diameter and hematocrit.

Pries et al. [10,11] analyzed the rheological behavior of blood in microvessels using a network-based approach. Blood flow
in microvascular networks in the rat mesentery was observed experimentally and compared segment-by-segment with the
predictions of theoretical models. The distributions of flow and hematocrit derived from simulations based on the parametric
description of blood viscosity in vitro described above were found to be inconsistent with the observed behavior. However,
satisfactory agreement was found when an alternative parametric description of blood viscosity was used, as follows:

μrel =
[

1 + (
μ∗

0.45 − 1
) (1 − H D)C − 1

(1 − 0.45)C − 1

(
D

D − 1.1

)2](
D

D − 1.1

)2

(6)

where

μ∗
0.45 = 6 exp(−0.085D) + 3.2 − 2.44 exp

(−0.06D0.645) (7)

and C is given by Eq. (5).
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Fig. 3. Dependence of relative apparent viscosity of blood in glass tubes on diameter, for different levels of discharge hematocrit, according to the empirical
equations (6)–(7).

The dependence of relative apparent viscosity on diameter and discharge hematocrit according to these equations is il-
lustrated in Fig. 3. The apparent viscosity decreases with decreasing diameter down to about 40 μm, and rises substantially
at smaller diameters. According to this result, the apparent viscosity in microvessels with diameters in the range 5 to 20 μm
is much higher than expected based on the in-vitro results. A substantial fraction of the flow resistance in microvascular net-
works resides in vessels with diameters in this range. Therefore, the overall flow resistance of the microcirculation according
to this relationship is expected to be significantly higher than it would be if the in-vitro behavior was applicable. Pries et
al. [11] found that the pressure drop across mesenteric networks required to drive the observed flow rates was higher by a
factor of almost 3 when the in-vivo behavior was assumed according to Eqs. (6) and (7), relative to the in-vitro behavior, and
that it agreed well with the observed pressure drop. This and subsequent experimental findings have generally supported
the conclusions described here. However, due to the above mentioned technical difficulties, systematic experimental testing
of this empirically derived theory for blood’s apparent viscosity in vivo remains to be achieved.

Possible causes for the substantial difference between apparent viscosity in vivo and in vitro were discussed by Pries
et al. [10]: (i) irregularity of vessel walls; (ii) asymmetry of RBC positioning in capillaries; (iii) effects of white blood cells;
(iv) retardation of plasma flow by macromolecular structures attached to vessel walls. The first three of these effects appear
insufficient to account for a large part of the difference [11,12]; see also results showing the short downstream persistence
of asymmetry of cell position [13]. The main cause of the differences was shown to be the presence of a relatively thick
layer, about 1 μm wide, of macromolecules bound to the endothelial cells lining microvessel walls, known as the glycocalyx
or endothelial surface layer (ESL) [14]. Indeed, a subsequent theoretical model [15], which includes an ESL whose effective
thickness depends on both vessel diameter and hematocrit, leads to closer agreement between theoretical predictions of
network hemodynamics and observed behavior, relative to the model described by Eqs. (6)–(7). In this model, the apparent
viscosity is again substantially increased relative to in-vitro behavior, but the dependence on diameter is more complicated,
with a peak at about 10 μm.

3. Theoretical analysis of blood flow in narrow tubes

3.1. Mechanical properties of red blood cells

Blood is a suspension of cells in plasma, which is an incompressible Newtonian fluid with a viscosity of about 1 cP.
The cells are RBCs (erythrocytes), white blood cells (leukocytes) of several different types, and platelets. The hematocrit of
normal human blood is 40–45%, and RBCs consequently have a dominant effect on the flow properties of blood. The key
mechanical properties of human RBCs were established more than 30 years ago, including quantitative estimates of key
mechanical parameters [16–18]. This information has provided a basis for developing detailed theoretical models for the
behavior of blood and suspensions of RBCs in various flow geometries, including narrow tubes, as described below.

Human (and other mammalian) RBCs are notable for their high degree of deformability, which is a consequence of
their structure. Lacking a nucleus, they consist of a fluid interior surrounded by a thin membrane. The membrane consists
of two main components: the lipid bilayer and the cytoskeleton. The lipid bilayer behaves as an almost incompressible
two-dimensional fluid, and the cell therefore strongly resists area changes, with an elastic modulus of isotropic dilation
of about 500 dyn/cm. The cytoskeleton, a network of protein molecules, lies immediately inside the lipid bilayer, and has
components that project into the bilayer, coupling the two structures. Even so, the bilayer and the cytoskeleton can move
relative to each other, as for instance when part of the membrane is stretched into a narrow tongue [19].

The membrane has a relatively small resistance to bending, with a bending modulus of about 1.8 × 10−12 dyn cm [20].
Bending moments in the membrane become important only in regions of the membrane where its radius of curvature is
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Fig. 4. Computed axisymmetric red blood cell shapes, for tube diameters in μm as indicated. Flow is from right to left with velocity 0.01 cm/s. Results
redrawn after [2].

very small. The membrane also possesses a viscous resistance to transient in-plane shear deformations. This resistance is
generated mainly in the cytoskeleton, with a small contribution from membrane viscosity [17]. The viscoelastic behavior
of the membrane in shear can be represented by a Kelvin solid model. According to this model, the total shear stress is
represented as the sum of viscous and elastic contributions [17]. The cell’s interior consists of a concentrated solution of
the oxygen-binding protein hemoglobin and behaves as a viscous incompressible fluid.

3.2. Theoretical analysis of capillary flow

In capillaries with diameters up to about 8 μm, RBCs frequently flow in single file. Interactions between cells may then
be negligible and theoretical analysis of a single RBC is appropriate. In such vessels, RBCs are compressed into narrow
bullet-like shapes, and their mechanics can be analyzed by assuming that the RBC has rotational symmetry about the tube
axis. A further simplification is the use of lubrication theory to describe the motion of the suspending fluid in the space
between the cell and the vessel wall. This approach was developed by several authors, starting in 1968 [7,21–24]. The
key elements of the approach are as follows: (i) the axisymmetric cell shape is described in cylindrical polar coordinates
(r(s), θ, z(s)) where s is arc length measured along the membrane from the front of the cell in the plane z = 0; (ii) the
components of membrane tension and bending moments are expressed in terms of stretch ratios and curvatures in the
axial and circumferential directions; (iii) the fluid loading on the cell is computed using axisymmetric lubrication theory
to describe the flow field in the gap between the cell and the vessel wall; (iv) the resulting system of ordinary differential
equations and boundary conditions is solved numerically to predict cell shapes and apparent viscosity [24]. Fig. 4 shows cell
shapes computed by this method. Predicted shapes are consistent with experimental observations in glass tubes [25,26] and
with subsequent theoretical simulations using a boundary-integral method [27]. The corresponding estimates of apparent
viscosity show good quantitative agreement with experimental findings as a function of both cell velocity and tube diameter
up to 8 μm [2,7], as indicated in Fig. 5. The low values of relative apparent viscosity for diameters in the range 5 to 8 μm
arise because the highly deformed shapes of the RBCs allow the formation of a cell-free layer surrounding the cells, which
lubricates their motion.

In reality, the shapes of RBCs flowing in capillaries are not generally axisymmetric. In narrow capillaries, the front part
of the cell typically assumes a nearly axisymmetric bullet shape, but the rear edge of the cell is obliquely oriented, as
illustrated in Fig. 1. Analysis of the motion of cells with such shapes shows that the effect of asymmetry on apparent
viscosity is small [28]. This analysis includes the effect of continuous ‘tank-treading’ motion of the membrane around the
cell driven by the asymmetric fluid loading. More recently, the motion of RBCs that enter a capillary in an asymmetric
position was simulated using a simplified 2D model of RBC mechanics [13]. It was found that the cells migrate to the
center-line within a few tens of μm. Predicted cell trajectories agreed closely with experimental observations in capillaries
of the rat mesentery.

Several studies have examined the motion of RBCs in capillaries, considering the effects of the ESL [29–31]. It was
shown [30] that an ESL with a thickness of about 1 μm, acting as a porous medium with hydraulic resistivity of at least
108 dyn s/cm4, led to predicted values of apparent viscosity in a 6-μm capillary consistent with the in-vivo findings as
already described. A notable finding was that a moving RBC can ride on the surface of the ESL, under conditions where a
static RBC would expand to fill the entire lumen, compressing the ESL [31,32].

The functional significance of the ESL has not been definitely established. A structure that increases flow resistance might
be thought to be detrimental to blood flow, but this effect can be compensated for by a small increase in vessel diameters.
The ESL has been shown to modulate the access of cells and macromolecules to the endothelial cell membrane [33,34], and
its effects on the environment experienced by endothelial cells may be important. Shear stress resulting from blood flow
has been shown to be transmitted to the endothelial cells primarily via the attachment points of the glycocalyx, not as
fluid shear stress [35]. The mechanism by which shear stress is transmitted within the ESL has been the subject of debate.
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Fig. 5. Variation of relative apparent viscosity with tube diameter, for a discharge hematocrit of 45%, and for relatively high flow rates. Solid curve: empirical
fit to experimental in-vitro data [5]. Solid circles: numerical results, obtained using an approximate analysis for the high-velocity limit [7,24]. Dashed curve:
modified axial-train model, with μcore/μp = 3.3 and cell-free layer width = 1.8 μm. Reproduced from [2] by permission.

Pries et al. [14] proposed that membrane-bound chain structures, under tension as a result of osmotic swelling, carry the
shear stress, whereas Weinbaum et al. [36] considered that filaments in the layer act as cantilever beams. Independent of
the mechanism, the ESL may have a significant effect on the mechanotransduction of shear stress into biological signals. In
reality, capillaries have irregular cross-sections, as a result for example of endothelial cell nuclei that project into the vessel
lumen. The ESL may help to shield RBCs from mechanical damage during the many transits that each cell makes through
the circulatory system during its approximately 120-day lifetime [37].

3.3. Models of multi-file flow

In tubes with diameters of 7–8 μm or more, RBCs may exhibit multi-file flow, depending on the hematocrit [25]. As
in the case of single-file flow, the low values of apparent viscosity observed in multi-file flow result primarily from the
presence of a cell-free or cell-depleted layer adjacent to the vessel wall. The effect of such a layer on apparent viscosity
(in the absence of an ESL) can be illustrated by considering a simple two-layer model (the modified axial-train model), in
which the RBCs are contained within a cylindrical core region of diameter λD that is concentric with the tube and has a
uniform viscosity μcore and the surrounding cell-free annular wall layer has viscosity μp. The apparent viscosity is then
[38]:

μapp = μp

1 − λ4(1 − μp/μcore)
(8)

A relatively narrow plasma layer (λ slightly less than one) can have a substantial impact on apparent viscosity, because it
decreases the local viscosity in the region near the wall where viscous energy dissipation would otherwise be concentrated.
For tube diameters above 30 μm, Eq. (8) gives a good fit to experimental results assuming μcore/μp = 3.3 and a fixed
cell-free layer width of 1.8 μm [39], as shown in Fig. 5.

Simulation of the flow of multiple interacting flexible particles in three dimensions is a challenging computational task.
During the last several years, increases in computer power and development of lattice-based and particle-based methods
have made such computations possible [40–42]. Simulations of flow at physiological hematocrits in vessels with diameters
in the range 10 to 40 μm have led to estimates of apparent viscosities close to those of in-vitro experiments [41,42]. The
predicted mean cell-free layer thickness at hematocrit 0.45 in tubes with diameters 20 and 40 μm was close to 1.8 μm, in
agreement with the empirical estimate mentioned above [42]. These techniques have demonstrated the ability to predict
quantitatively the flow properties of blood in microvessels with diameters up to about 40 μm, and represent a substantial
advance. In principle, they allow simulation of multi-file blood flow in any well-characterized microvascular geometry,
although the computational cost increases at least in proportion to the number of RBCs in the domain.

Despite the success of these simulations, the principles governing multi-file flow of RBCs remain incompletely under-
stood. Ideally, a quantitative theory of such flows would provide a basis for predicting the evolution of the hematocrit
profile along a flowing microvessel, without the need to simulate the motion of every individual RBC. It would also describe
the relationship between pressure gradient and flow rate at each axial position. This information could be used for effi-
cient simulation of flow and RBC flux distributions in entire microvascular networks, taking into account the variations of
hematocrit and velocity profiles resulting from bifurcations and other irregularities. Such simulations are not feasible with
currently available methods.

Previous studies provide a conceptual basis for understanding the key processes that govern the distribution of interact-
ing deformable particles flowing in narrow channels. Two competing mechanisms are involved [2,43]: a tendency to migrate
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away from the walls [44,45], and ‘shear-induced diffusion’ down the concentration gradient toward the wall, resulting from
particle–particle interactions [46]. The tendency to migrate away from the walls has two causes [47]: a lift force induced
by the interaction of the particles flow field with the solid boundary, and the non-constant shear rate in a parabolic ve-
locity profile. The strength of particle–particle interactions is dependent on hematocrit, and the cell-free layer thickness
consequently decreases with increasing hematocrit, as observed both experimentally and in simulations [42,48].

Considering a suspension of elastic capsules, Pranay et al. [43] recently derived a closed-form expression for the width
of the particle-depleted layer, and showed that it varies inversely with particle concentration. This result is significant in
that it represents in a quantitative form the dependence of the layer width on the balance between particle migration away
from the walls and shear-induced diffusion. However, it has some limitations with regard to the prediction of cell-depleted
layer thickness in microvessels. The expression [43] involves a number of coefficients that depend on the deformability,
shape and orientation of the particles. These coefficients are not explicitly known for RBCs, and likely depend on hematocrit
and on shear rate. In this theory, the estimation of the migration of particles from the wall is based on a consideration of
the particle as a point dipole. This is appropriate when the particle is not very close to the wall. However, at physiological
hematocrits, the distance of RBCs from the wall (about 2 μm) is typically much less than the particle size (about 8 μm). In
such cases, the forces driving cells away from the wall may be highly sensitive to the shape of the RBC in regions where
it is closest to the wall. The theory for generation of lift forces on deformable particles close to solid boundaries according
to lubrication theory [49] may be helpful in obtaining insight into the relationship between the deformation of RBCs that
approach the walls and the resulting generation of lift forces [50].

With regard to multi-file flow, the effects of interactions between flowing RBCs and the endothelial surface layer have
received little attention. Two studies have examined the effect of such a layer on migration of individual particles near a
vessel wall, subject to a shear flow. Beaucourt et al. [51] modeled the interactions of rigid and deformable vesicles with a
compressible but impermeable wall substrate, representing the ESL. Conversely, Hariprasad and Secomb [50] considered the
layer to be permeable but of fixed width, and showed that the rate of lateral migration of two-dimensional model RBCs
decreased with increasing permeability of the layer.

4. RBC motion in microfluidic systems

In recent years, the ability to fabricate microfluidic systems using photolithographic methods has opened new pos-
sibilities for manipulating and studying blood flow in microscale geometries [52]. The potential of such approaches for
investigating normal and pathological behavior of blood cells and for developing new diagnostic and therapeutic approaches
is currently being explored. Here, a few examples will be cited. With regard to the resistance of microvessels to blood flow,
microfluidic systems can be used to detect the changes in flow resistance associated with the passage of individual red
and white blood cells through a narrow channel [53]. The effects on RBC deformation of chemically modifying the cells’
mechanical properties can be assessed by observing shape changes of individual cells when they traverse a channel with a
microfluidic contraction [54]. Similarly, such techniques can be used to explore the consequences for microvascular blood
flow of diseases in which RBCs exhibit abnormal mechanical properties, including malaria [55] and sickle cell disease [56].
RBCs are known to release ATP (adenosine triphosphate), a substance that participates in control of blood flow by modu-
lating vessel diameters [57]. Cell deformation is one of the factors affecting the rate of ATP release, and this phenomenon
can be examined on cellular scales using microfluidic systems [58,59]. The non-uniform partition of suspended RBCs in
diverging vessel bifurcations [60] provides a basis for separating RBCs from plasma or sorting them according to their prop-
erties in microfluidic systems, with potential diagnostic or therapeutic applications [61,62]. These experimental approaches,
in combination with newer computational approaches as described above, have led to an upsurge of research activity on
the microscale flow properties of blood.

5. Conclusions

Despite many decades of investigation, understanding the relationship between pressure gradient and blood flow rate
in microvessels has remained an elusive goal. Classic experiments using glass tubes [3,4] revealed a striking reduction in
apparent viscosity at small diameters, the Fåhraeus–Lindqvist effect, and a consistent set of data for apparent viscosity as a
function of diameter and hematocrit was subsequently developed [5]. Theoretical studies based on the known mechanical
properties of RBCs led to successful quantitative prediction of apparent viscosity in single-file flow about 25 years ago [7],
while corresponding results for multi-file flow in diameters up to 40 μm were achieved only recently [41,42]. Direct tests
of these theories by experimental measurement of pressure drops in individual microvessels are technically very difficult.
Eventually, an indirect approach based on examining network flows showed that microvessel apparent blood viscosity in vivo
is substantially higher than in corresponding glass tubes [11], with the difference being mainly attributable to a hemody-
namically significant ESL.

The mechanical properties of human and mammalian RBCs have been studied in detail and are well characterized at
a quantitative level. This information provides a good basis for theoretical simulation of blood flow in a variety of condi-
tions. For single-file flow in capillary-sized vessels, such simulations yield predictions of apparent viscosity that agree well
with observations in glass tubes. The substantial difference between apparent viscosity in vitro and in vivo can be accounted
for by the inclusion of a porous layer representing the ESL. Recently, powerful numerical techniques have been applied to
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three-dimensional simulation of multiple interacting RBCs, leading to quantitative prediction of apparent viscosity. However,
a number of theoretical challenges remain with regard to the multi-file flow of RBCs. Firstly, the phenomenon of shear-
induced diffusion is not well understood for concentrated suspensions of highly deformable particles, including RBCs. Here,
it is important to distinguish between the random migration of individual particles and the evolution of the concentra-
tion profile, which depends on net particle migration. Secondly, while the mechanisms responsible for the migration of
deformable particles away from solid boundaries are understood in principle, quantitative theories applicable to RBCs very
close to boundaries are not available. Thirdly, the interaction between the ESL and RBCs in multi-file flow remains to be
investigated. Experimental evidence [15] suggests that this interaction is strongly diameter-dependent. Progress in all these
areas is needed in order to achieve a good understanding of the mechanisms determining the apparent viscosity of blood
in microvessels.
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