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Measuring red blood cell flow dynamics in a glass
capillary using Doppler optical coherence tomography
and Doppler amplitude optical coherence
tomography

Julian Moger
Stephen J. Matcher
C. Peter Winlove
University of Exeter
Biomedical Physics Group
Exeter, EX4 4QL, United Kingdom

Angela Shore
Peninsular Medical School
Plymouth, PL6 8BX, United Kingdom
E-mail: J.Moger@Exeter.ac.uk

Abstract. Blood, being a suspension of deformable red cells sus-
pended in plasma, displays flow dynamics considerably more com-
plicated than those of an ideal Newtonian fluid. Flow dynamics in
blood capillaries of a few hundred micrometers in diameter are inves-
tigated using Doppler optical coherence tomography (DOCT) and
Doppler amplitude optical coherence tomography (DAOCT), a novel
extension of DOCT. Velocity profiles and concentration distributions
of normal and rigidified in vitro red blood cell suspensions are shown
to vary as functions of mean flow velocity, cell concentration, and cell
rigidity. Deviation from the parabolic velocity profile expected for
Pouseille flow is observed for both rigid and normal cells at low flow
rates. Axial red cell migration both toward and away from the tube
axis is observed for both rigid and normal cells as a function of flow
velocity. Good agreement is found between our measurements, and
theoretical expectations. © 2004 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1781163]
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1 Introduction
Detailed knowledge of flow dynamics in blood vessels is im-
portant for several reasons. First, transport of nutrients from
blood to tissue is influenced by the blood flow velocity profile
and particle distribution over the vessel cross section. Secon
to estimate the volume flow rate and effective hematocri
through small vessels a parabolic velocity profile is often
assumed.1 This approach will lead to errors if the flow profile
is flattened or plug like. Third, accurate measurement of flow
profiles provides useful information about shear rates in the
fluid and at the vessel wall. Shear forces at the vessel wall ar
a potent mediator of vasodilation, as they stimulate the releas
of nitric oxide by the endothelial cells.

Although many publications on the flow dynamics of
blood in small vessels exist, many have yielded conflicting
results. The majority of these studies rely predominantly on
data collected using video microscopy, a technique in which
the velocity of particles in the blood is calculated by measur-
ing the distance a particle moves between video frames.

Velocity profiles of whole blood have been obtainedin
vivo using platelets as small natural markers of flow.2 Al-
though it has been demonstrated that this technique can b
used in vessels with diameters as small as 17mm, a great deal
of time-consuming averaging and analysis is required to pro
duce reliable velocity profiles.
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Far less work has been published on the radial distributi
of the blood cells caused by the shear forces that arise
moving fluid. To achieve an accurate representation of the
distribution the axial position of many blood cells is require
The positions of the small natural markers used to meas
flow in whole blood do not necessarily bear any relation to
spatial distribution of the blood cells that are of interest. Sm
concentrations of ghost cells, red blood cells with the hem
globin removed, are often added to whole blood asin vitro
markers to give a semidirect measure of red blood cell po
tion. Although ghost cells are widely used in video micro
copy to investigate blood flow dynamics, the process of a
lyzing the axial positions of a sufficient number of ghos
cells is time consuming and tedious. In addition, removal
the hemoglobin causes the mechanical properties of the g
cells to differ from those of a normal red blood cell; this w
affect the way in which they interact with the solution, hen
giving a false representation of the axial distribution of ce

Other techniques commonly used for measuring blo
flow velocity, such as laser Doppler flowmetry~LDF! and
photon correlation velocimetry are not intrinsically dept
resolved. Doppler low-coherence techniques such as Dop
optical coherence tomography~DOCT! can offer direct mea-
surement of the velocity profilein vitro and in vivo with a
high degree of spatial resolution. The concept of measu
relative red cell concentrations by calculating the spec
density has been widely used3 in LDF. Doppler amplitude
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Measuring red blood cell flow dynamics . . .
OCT ~DAOCT! uses a similar principle to give corresponding
information on the cross-sectional concentration distribution
of the red cells with high spatial resolution. This investigation
demonstrates the effectiveness of DOCT and DAOCT as tool
for probing the flow dynamics of red blood cells in a small
capillary in vitro.

1.1 Blood Flow Dynamics in Small Vessels
To understand blood flow dynamics in small vessels one mus
consider the particulate nature of blood. The concentration o
red cells in whole blood is far greater than any other formed
elements, and therefore dominates the flow characteristics o
whole blood.

1.1.1 Flow profiles
When the concentration of particles in the flowing suspension
exceeds 0.5% by volume, experiments have shown tha
particle-to-particle interactions or near collisions occur. These
progressively alter the particle motion and hence velocity pro
file.

To understand the behavior of concentrated suspensions
is necessary to consider both the concentrationc of the sus-
pension and the particle size relative to the tube diamete
d/D, where d and D are the particle and tube diameters,
respectively.

If relatively small particles are present in a solution at
concentration less than 5%, the velocity profile is close to
parabolic. As the relative particle radius or concentration is
increased, the velocity profile becomes progressively blunted
The degree of blunting is influenced by the particle rigidity;
flexible or fluid particles of the same concentration and size
relative to the tube diameter show less blunting than rigid
particles. This difference in behavior is summarized in Fig. 1
~adapted from Caro et al.4!. In the top figure, rigid and flexible
spheres of the same size are compared to rigid spheres of h
the diameter in solution at 30% concentration by volume. We
can see that at this concentration the velocity profile of the
large rigid spheres is flat, and the region of ‘‘plug flow,’’ in
which all spheres move with uniform velocity in the direction
of flow, extends almost the whole diameter of the tube almos
to the tube wall. Smaller rigid spheres do not show such a
wide zone of plug flow in the core. When rigid behavior is
compared with that of the fluid drops, it can be seen that larg
fluid drops exhibit less blunting than rigid spheres of half their
diameter.

In the case of rigid particles, the velocity profile is deter-
mined solely by the particle concentration and relative radius
and is independent of the fluid flow rate.3 In contrast, the
velocity profile for liquid drops is affected by flow rate, with
the degree of blunting decreasing as the flow rate is increase

The lower part of Fig. 1 compares flow velocity profiles
for ghost red blood cells and rigid disks of the same size an
concentration. The velocity profile of the rigid disks has a
wider region of plug flow than the red blood cells at the same
velocity. The red blood cell suspension also shows how in
creasing the flow rate causes the region of plug flow to de
crease. At very high flow rates the velocity profile is almost
parabolic.
Journal of
t

f

t

it

.

lf

.

1.1.2 Particle distribution
At higher flow rates, inertial forces of the fluid become im
portant. The underlying mechanisms controlling particle m
tion are complex and involve both the inertia of the fluid a
the interaction of the particle with the tube wall.

Deformable bodies exhibit radial migration toward th
center of the tube; rigid particles also migrate, although
always toward the center. The behavior of rigid particles u
der these conditions is known as the ‘‘tubular-pinch’’ effec3

Particles initially near the tube wall move toward the ax
while particles initially near the axis move toward the tu
walls. Equilibrium is reached when all the particles occu
the radial position of0.6r , wherer is the internal radius of the
tube. Migration velocity depends on the radial position a
decreases as the equilibrium location is approached; the ra
velocity increases with Reynolds number and as the part
size increases relative to the tube diameter.

The types of motion observed for rigid and deformab
particles are summarized in Fig. 2. Except for rigid partic
at very low flow-rates, there is always particle migration aw
from the tube walls.

Fig. 1 Velocity profiles at very low Reynolds numbers in straight tubes
for particles suspensions and ghost red cells. Local velocities @U(r)#
are plotted as ratios of the center line velocity um ; this means that
profiles are scaled so that center-line velocity is unity in all cases.
Velocity profiles for (a) the same concentrations of (1) large (d/D
50.12), (2) small (d/D50.06) liquid drops, and (3) large rigid
spheres (d/D50.12), and (b) for suspensions of ghost red cells and
rigid disks of approximately the same size and concentration. The
profiles for the ghost cells are shown at two different flow rates.
Adapted from Caro et al.4
Biomedical Optics d September/October 2004 d Vol. 9 No. 5 983
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Fig. 2 Schematic of the differences in migration of rigid and deform-
able particles, on the left at low flow rate and on the right at a signifi-
cantly higher flow rate. Adapted from Caro et al.4
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The motion of red blood cells in plasma reflects both rigid
and deformable particle behavior. When the flow rate is low
enough for the shear rate in the vicinity of the red blood cells
to be less than approximately20 s21, the cell is seen to rotate
like a rigid disk, retaining its biconcave shape. The flipping
and periodicity of rotation are just as predicted for a rigid disk
of the same diameter.

At shear rates greater than20 s21, the behavior of the
normal red blood cell progressively deviates from that of the
rigid disk.

At shear rates greater than1000 s21 measurements of cell
dimensions indicate that it has become deformed, but th
characteristic biconcave shape is retained. At these high she
984 Journal of Biomedical Optics d September/October 2004 d Vol. 9 N
r

rates, axial migration from the wall is also observed and
migration velocity increases with shear-rate.

At very high shear rates, above5000 s21, single red blood
cells experience the tubular pinch effect, but with an equil
rium position nearer to the axis than that observed for ri
disks.

At shear rates less than around2 s21, the red cells aggre-
gate to form rod like structures called rouleaux; these sh
strong axial migration toward the center of the tube. As
shear rate is increased the rouleaux are broken down and
come shorter, reducing the axial migration velocity. Stud
on red blood cells hardened with glutaraldehyde show beh
ior close to that of the rigid disk and do not exhibit axi
migration until the shear-rate is high enough for tubular pin
to occur.

2 Theory
In this study, we investigated the ability of DOCT to reve
these subtle changes in flow dynamics on whole blood
suspensions of normal and rigidified red cells, without t
need for fluorescent labeling or the use of natural marker

DOCT is a functional extension of optical coherence
mography~OCT! that uses motion~flow! in a sample as a
source of contrast.5–7 In vitro imaging of flow has been widely
reported in tissue phantoms, whilein vivo flow images have
been demonstrated in animal models8–10 and, more recently,
in humans.

OCT and DOCT are based on low-coherence interfero
etry, using a Michelson interferometer with a broa
bandwidth laser source. Light from the sample arm of
interferometer focused by a low-numerical-aperture lens p
etrates the sample and is backscattered from various de
with amplitude depending on the local reflectivity of th
sample. The reference arm length is varied either by a mov
mirror or, more conveniently, using a high-speed Fouri
domain delay line.11 The light beams backscattered from th
Fig. 3 Schematic of the DOCT system and signal processing apparatus.
o. 5



Measuring red blood cell flow dynamics . . .
Fig. 4 Experimental flow phantom, indicating the relative alignment of the DOCT probe and CCD camera (not to scale).
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sample and reference arms of the interferometer are recom
bined and directed to a photodetector. Sample light that i
path-length-matched to within the source coherence lengt
with light from the reference arm produces an interference
signal, whose amplitude is proportional to the square root o
the depth-resolved backscatter efficiency within the sample
The light returning from the reference arm is Doppler shifted
by frequencyf r52Vr /l0 , where Vr is the phase velocity
Journal of
-

.

generated by the moving mirror or delay line, andl0 is the
center wavelength of the light source. Backscattered li
from the reference and sample arms interfere to produce
interferometric signal, or interferogram. The amplitude of t
interferogram is proportional to the square root of the lig
intensity returning from the sample, and the carrier freque
corresponds to the reference arm Doppler shift frequencyf r .
Fig. 5 Velocity profiles of normal RBCs in solution 40% by volume at four velocities: (a) 0.5, (b) 6, (c) 12, and (d) 20 mm/s.
Biomedical Optics d September/October 2004 d Vol. 9 No. 5 985



Moger et al.
Fig. 6 Velocity profiles of fixed RBCs in solution 40% by volume at four velocities: (a) 0.5, (b) 6, (c) 12, and (d) 20 mm/s.
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The contrast of an OCT image is derived from the ampli-
tude of interferometric signal demodulated at the referenc
frequencyf r . If the sample contains moving scatters, i.e., red
blood cells, then the carrier of the interferometric signal is
Doppler shifted by frequencyf s52Vsns cosu/l0, whereVs is
velocity of the moving scatterer,ns is the local refractive in-
dex of the sample, andu is the angle of the direction of flow
with respect to the sample beam. Therefore, areas of th
sample containing flowing particles, such as blood vessels
appear empty or very low in intensity because the backsca
tered signal from the moving particles has been Dopple
shifted away from the demodulation frequencyf r . This
means that information on the density of flowing scatterers in
a vessel is not retained. DOCT uses the frequency shift in th
interferogram carrier frequency as a source of image contra
to generate a map of flow velocity, often using color to indi-
cate flow direction.7

DAOCT is a functional extension of DOCT in which the
image contrast is derived from the amplitude of the interfero-
gram at the Doppler-shifted reference frequency12 ( f r1 f s).
This source of contrast is sensitive to the density of scatterer
rather than their velocity, and gives a useful additional param
eter for characterizing flow distributions. The digitized inter-
ferometric signal is analyzed in software to find the peak in
the interferogram, corresponding to the Doppler-shifted refer
ence frequency; the squared amplitude of this peak is used
the image contrast.
986 Journal of Biomedical Optics d September/October 2004 d Vol. 9 N
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3 Materials and Methods
OCT line scans were recorded through the center of a g
capillary to obtain the velocity profiles and spatial distributio
of red blood cells as a function of their flow-rate within var
ous fluid suspensions.

A schematic of the DOCT apparatus used in the exp
ments is illustrated in Fig. 3. The Michelson interferome
consists of a232 fiber coupler that provides a stable inte
ferogram with minimal interference from vibration and the
mal air currents. Near-infrared light emitted by an amplifi
spontaneous emission~ASE! light source~B&W Tek, Inc.!,
with an optical output power of 7 mW, a center wavelength
1550 nm, and a spectral full width half maximum of 100 n
was coupled into the source arm of the fiber coupler. T
reference arm scanning was achieved by a Fourier-dom
delay line,10 which uses a diffraction grating and a galvanom
eter to generate an optical path difference of 1 to 2 mm w
a maximum axial scan rate of 500 Hz. The sample arm pro
containing an objective lens with a numerical aperture
0.12, yielding a lateral resolution of approximately 20mm,
was aligned at 45 deg to the long axis of a glass capillary
shown in Fig. 4.

To reduce the signal caused by Fresnel reflection at
capillary walls it was set into a nylon bath and immersed in
refractive index-matching fluid~glycerol!. A CCD camera,
positioned directly above the capillary, was used to assist
o. 5



Measuring red blood cell flow dynamics . . .
Fig. 7 Velocity profiles of normal RBCs in solution 60% by volume at four velocities: (a) 0.5, (b) 6, (c) 12, and (d) 20 mm/s.

Fig. 8 Velocity profiles of fixed RBCs in solution 60% by volume at four velocities: (a) 0.5, (b) 6, (c) 12, and (d) 20 mm/s.
Journal of Biomedical Optics d September/October 2004 d Vol. 9 No. 5 987
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Fig. 9 Velocity profiles of RBCs in whole blood at four velocities: (a) 0.56, (b) 6, (c) 12, and (d) 20 mm/s.
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alignment of the sample probe and the capillary. Blood cel
suspensions were pumped through the capillary using an in
fusion pump to provide a constant flow rate. The capillary was
mounted on anX-Y micrometer-driven translation stage to
enable precise alignment of the capillary in the sample beam

OCT line scans corresponding to a physical depth of 1 mm
were acquired with a repetition rate of 5 Hz. Each line scan
consisting of 6400 points, was sample at 32 kHz and divided
into 100 pixels, each of 64 data points in length. A spectro-
gram of each pixel was produced using a short-time Fourie
transform algorithm,7 producing a frequency bin separation
corresponding to a velocity of approximately1 mm s21.

Cross-sectional velocity profiles and red blood cell distri-
butions were obtained by averaging DOCT and DAOCT line
scans through the vertical axis of the capillary. Due to the
highly forward scattering nature of red blood cells, and the
consequently weak backscattered signal, line scans were a
eraged typically over several hundred line scans to improv
the SNR; this also reduced the effect of any anomalous resul
caused by random motion in the solution. Care was taken t
ensure the line scans were acquired through the vertical ax
of the capillary. To do this, the CCD camera was adjusted
until the probe beam, as visualized using a fluorescent card
intersected the plane of interest in the center of the CCD field
of view. The capillary was then centered in the CCD video
picture. Red blood cell~RBC! velocity profiles and concen-
tration distributions were obtained for whole blood and sus-
medical Optics d September/October 2004 d Vol. 9 N
-

.

-
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pensions of normal and rigid red blood cells at various co
centrations and flow rates. To investigate the dependenc
the velocity profiles and particle distribution on RBC deform
ability the experiments for normal suspensions of RBCs w
repeated using cells made rigid by being fixed in formald
hyde.

Venous blood taken from healthy volunteers was used
make three suspensions of RBCs; whole blood, a suspen
of RBCs in phosphate-buffered saline, and rigidified RB
suspended in saline. To prevent the blood from coagula
during the experiment, heparin was added at 1% by volu
All experiments were carried out within a few hours of takin
each sample. Heparinized whole blood was centrifuged
3000 rpm for 10 min and the plasma and buffy coat we
aspirated off. Phosphate buffered saline~pH 7.4! made from
commercially available tablets~Sigma-Aldrich! was added to
the remaining red cells in equal volume, and thoroug
mixed to rinse the red cells of any remaining unwanted wh
cells or plasma. The washing and centrifuging was repea
once. Phosphate-buffered saline~PBS! was then added to the
remaining red cells to make up a suspension to the requ
concentration by volume.

A suspension of rigid red cells was prepared by mixing t
required volumes of formaldehyde and RBC suspension
PBS to achieve a final concentration of 4% formaldehyde a
the required volume ratio of RBCs.
o. 5



Measuring red blood cell flow dynamics . . .
Fig. 10 Left-hand graphs show the raw data points for whole blood, obtained by averaging 1000 DAOCT line scans; the polynomial fitting function
is shown as a dotted line. The attenuation corrected density distributions are shown on the right-hand side. The four distributions correspond to four
flow velocities: (a) 0.5, (b) 6, (c) 12, and (d) 20 mm/s.
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3.1 Data Analysis
This section describes the postacquisition data analysis an
modeling procedure used to characterize the velocity profile
and cell concentration distributions of the different type of
RBC suspensions.
Journal of
d

3.1.1 Velocity profiles

Currently, several different theories exist to describe the fl
dynamics in small tubes. All are semiempirical and no the
has been proposed that is derived from the basic propertie
Biomedical Optics d September/October 2004 d Vol. 9 No. 5 989
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Table 1 Summary of K values for the five RBC suspensions at approximate flow velocities of 0.5, 6.0, 11.0, and 21.0 mm s21 with regression
coefficients (chi-squared) and associated confidence level p included.

0.5 mm s21 6.0 mm s21 11.0 mm s21 21.0 mm s21

K x2 p K x2 p K x2 p K x2 p

Fixed 40% 2.6 15.6 92.6 2.2 12.9 97.7 2.0 11.1 99.2 2.0 8.5 99.9

Fixed 60% 3.0 15.9 91.8 2.6 13.2 97.4 2.0 11.9 98.7 2.0 8.9 99.9

Unfixed 40% 2.4 16.2 90.9 2.1 11.9 98.7 2.0 10.9 99.3 2.0 7.9 99.9

Unfixed 60% 2.6 14.0 96.1 2.2 11.1 99.2 2.0 10.1 99.6 2.0 7.2 99.9

Whole blood 2.5 16.9 89.0 2.1 12.0 98.6 2.0 10.6 99.4 2.0 8.4 99.9
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blood cells and plasma.1 To describe the shape of the experi-
mental velocity profiles, the following equation was used.2

V~r !5VmaxF12UaS r

RD1bUKG , 0<
r

R
<1, a>0,

~1!

whereV(r ) is the velocity at radial positionr , Vmax is the
velocity at the center of the tube, andR is the radius of the
tube. Due to the nonslip condition at the tube wall, i.e.,
V(R)50 and the finite spatial and velocity resolution of the
system, data points near the tube wall tend to be unreliable.
scaling factora is introduced to allow the model velocity
profile to intercept zero at points other thanr 5R. Any asym-
metry in the profiles was taken into account by parameterb,
which corrects for a shift of the top of the profile away from
the center of the tube. Due to the axial symmetry of the sys
tem, any such asymmetry can be considered as a measurem
artifact, arising perhaps from asymmetric placement of the
incident beam waist within the tube.

The shape of the profile is characterized by the paramete
K, a value of K52 corresponds to the parabolic velocity
profile characteristic of Pouseille flow. The profile becomes
progressively flatter asK increases. The limitK→` corre-
sponds to plug flow, i.e.,V(r ) is independent ofr .

For a tube of circular cross section, the ratio ofVmax to the
mean velocity of the theoretical profileVmean is given by,

Vmax

Vmean
5

pR2

2p*0
RrV~r !dr

,

for b50 anda51, this can be approximated by

Vmax

Vmean
5

~K12!

K
. ~2!

This ratio is used as an index of the degree of profile blunting
a value of 1 indicates complete plug flow, i.e., all cells mov-
ing with the same velocity, and 2 indicates perfect parabolic
flow. Fitting Eq. ~1! to the experimental data to determine
values ofK anda was performed using nonlinear curve fitting
software ~Microcal Origin®! based on the Levenberg-
Marquardt algorithm.
990 Journal of Biomedical Optics d September/October 2004 d Vol. 9 N
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3.1.2 Particle distribution
The RBC distributions were obtained from DAOCT scan
which, as described earlier, have a contrast derived from
intensity of the peak Doppler-shifted backscattered light.
this case, the intensity of backscattered light from each p
is governed by the density distribution of RBCs across
tube. On the assumption of a single-backscatter model13 the
measured intensity at each pixel is proportional to the ba
scattered light intensity from that location attenuated to
extent given by the column integral of the attenuation coe
cient of the blood cells from the surface of the tube to t
pixel of interest. Because no analytical model has been
ported to describe the concentration distribution of red ce
such as the tubular pinch effect a polynomial is thus an e
pirical model. As is standard, the lowest order polynom
consistent with matching the data was used~i.e., the highest
order polynomial beyond which the fitting statistics did n
improve significantly!. To extract the red cell density distribu
tion from the attenuated DAOCT signal a fifth-order polyn
mial in z2 ~wherez is the radial distance across the tube! was
used to describe the red cell concentration as a function
depth into the capillary. Using only even powers ofz ensures
that the model is consistent with the control symmetry of t
system. By fitting this model to the experimental data, o
tained by averaging several hundred DAOCT scans, par
eters describing the red cell density were obtained, fr
which the distributions could be reconstructed.

The sampling volume is defined asI c3I x3I x , whereI c is
the coherence gate andI x is the Gaussian beam waist of th
sample arm focusing optics.7 The ASE source and microscop
objective used for this investigation produced a sampling v
ume of 6 pl.

Assuming that the sample volume is small when compa
to the diameter of the capillary, the fitting model is describ
by

I ~z!5sBC~z!expF22E
2R

r

s fC~z!dzG , ~3!

where the constantssB andsF correspond to the backward
and forward-scattering coefficients of a single RBC. He
C(z) is the fifth-order polynomial inz2 describing the cell
density distribution across the diameter of the tube:
o. 5



Measuring red blood cell flow dynamics . . .
Fig. 11 Left-hand graphs show the raw data points for unfixed RBCs suspended in PBS, obtained by averaging 1000 DAOCT line scans; the
polynomial fitting function is shown as a dotted line. The attenuation corrected density distributions are shown on the right-hand side. The four
distributions correspond to four flow velocities: (a) 0.5, (b) 6, (c) 12, and (d) 20 mm/s.
-

icle
ion
in a
C~z!5a01a1z21a2z41a3z61a4z81a5z10.

Equation ~3! was fitted to experimental data generated
from an average of 1000 DAOCT line scans through the cen
ter of the tube.
Journal of
4 Results
Measurements were made of velocity profiles and part
concentration distributions as functions of RBC concentrat
and flow rate for the three types of red cell suspensions
glass capillary with a diameter of 150mm.
Biomedical Optics d September/October 2004 d Vol. 9 No. 5 991



Moger et al.
Fig. 12 Left-hand graphs show the raw data points for fixed RBCs suspended in saline, obtained by averaging 1000 DAOCT line scans; the
polynomial fitting function is shown as a dotted line. The attenuation corrected density distributions are shown on the right-hand side. The four
distributions correspond to four flow velocities; (a) 0.5, (b) 6, (c) 12, and (d) 20 mm/s.
o

ate

res-
hted
ata

on-
of
Velocity profiles were obtained for each of the three sus-
pensions at four different flow rates corresponding to mean
flow velocities of approximately 0.5, 6, 12, and20 mm s21.
Results are presented for whole blood and for suspensions
both unfixed and fixed RBCs at concentrations of 40 and 60%
by volume. Figures 5–9 show the flow profiles for each solu-
tion at the four flow rates. The extent to which the velocity
992 Journal of Biomedical Optics d September/October 2004 d Vol. 9 N
f

profiles of each solution are blunted as a function of flow r
is quantized by the values of the fitting parameterK, which
are summarized in Table 1 along with the associated reg
sion coefficients. The quoted chi-squared values are weig
using the standard error in each pixel calculated from a d
set consisting of 1000 line scans through the capillary c
taining each red cell suspension with average flow velocity
o. 5



Measuring red blood cell flow dynamics . . .
Table 2 Chi-squared values for the polynomial model of red cell concentration distribution and associated confidence levels p are presented.

0.5 mm s21 6.0 mm s21 12.0 mm s21 21.0 mm s21

x2 p x2 p x2 p x2 p

Fixed 14.1 96.0 13.9 96.3 14.6 95.0 16.0 91.5

Unfixed 13.9 96.4 13.8 96.5 14.5 95.2 13.6 96.3

Whole blood 14.0 96.1 13.5 96.9 13.1 97.5 15.9 91.8
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6 mm s21. The statistical significance of the chi-squared val-
ues are described by confidence levelsp obtained from con-
fidence level tables for the chi-squared distribution and ex
pressed as percentages.

RBC distribution curves were produced by averaging ove
1000 DAOCT line scans. Figures 10–12 show the RBC dis
tributions, before and after attenuation compensation, fo
whole blood and suspensions of both unfixed and fixed re
cells in suspension of 60% by volume. Due to the variation in
the backscattered signal intensity of the three suspension
caused by differing optical properties, the RBC density pro-
files were normalized to have a peak value of unity. The ac
tion of removing the steep background, arising due to the
depth-varying attenuation, from the raw data on the left has
the effect of enhancing the visibility of noise fluctuations.
This causes the distributions on the left column of Figs. 10–
12 to appear smoother than those on the right. The regressio
coefficients of the fitted concentration distributions are pre-
sented in Table 2. Again, the statistical significance of the
chi-squared values are expressed by confidence levelsp
shown as percentages.

5 Discussion
The behavior of single particles flowing in suspension through
narrow conduits was extensively investigated both experimen
tally and theoretically. However, describing the complex dy-
namics of many particles in a concentrated suspension
proved a much more challenging task. The data collected i
this study demonstrates the ability of DOCT and DAOCT to
provide further insight onto the complex motion arising in
concentrated particle suspensions. The velocity profiles ob
tained at various shear rates for each of the five suspensio
agree with the theoretical expectations of departure from
Pouseille at low flow rate. All five suspensions showed an
increase in the degree of plug flow as shear rates fell. Thi
was most significant in the case of rigid cells, which, as pre
dicted, showed a degree of nonparabolic flow at shear rate
significantly higher than the unfixed red cells. Increasing the
cell concentration caused both normal and rigid cell suspen
sions to have a higher degree of plug flow at low shear rates
which was retained to some extent until higher shear rate
than for the same suspension at the lower concentration.

The velocity profiles of unfixed RBCs suspended in PBS
were sufficiently similar to those of whole blood under the
same conditions to assume that the mechanisms controllin
Journal of
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the velocity profile of red cells are intrinsic to the cells them
selves and are not affected by other components found
whole blood. This supports the assumptions made earlier
red cells are the only components in sufficient concentrat
to affect significantly the mechanical properties of blood.

The red cell distributions obtained for the three susp
sions agree with theoretical expectations, although not q
as closely as the velocity profiles. As predicted, all three
lutions show an increasing degree of axial migration as
shear rate is increased, however, not all the suspensions
pear to behave as expected.

The fixed red cell suspension exhibits the tubular pin
effect predicted for rigid disks. At the lowest flow rate, th
cell distribution is almost uniform apart from a depletion
approximately 20% close to the capillary walls. As the flo
velocity and hence shear rate is increased, the depletion
gion at the walls widens and an area of depletion appear
the capillary center. Increasing the shear rate further exag
ates the areas of depletion until two distinct peaks in c
density are visible with maxima at approximate radii equal
0.6 of the capillary radius. At the central minimum, the c
density is approximately half that of the maxima.

As in the case of the velocity profiles, the cell distributio
of the unfixed red cells suspended in PBS show similar tre
to that of whole blood at the same shear rate. At the low
flow velocity the profiles of both whole blood and the unfixe
cell suspension are similar to that of the fixed cell suspens
i.e., uniform apart from a small area of depletion near
capillary wall. As the shear rate is increased the depletion
the capillary wall increases to a maximum of 50% of t
maximum value at the center; this behavior can be explai
by the axial migration toward the capillary axis predicted f
flexible particles. At the highest shear rate, a tubular pin
similar to that of the rigid cells is seen; again the maxim
occur at a distance approximately equal to 0.6 the capill
radius from the center, as predicted from theory. This sud
change in cell distribution can be explained by consider
the red cell response to shear forces; at very low shear r
below1 s21, red cells form rouleaux, which cause an elevat
viscosity. At shear rates above 1 to2 s21, the rouleaux are
broken down and the suspension consists solely of individ
cells, which behave as flexible disks able to absorb some
the shear forces in the fluid. At flow rates sufficient to produ
shear rates between 10 and100 s21, the cells become pro-
gressively distorted, hence reducing the viscosity. Once
shear rate reaches approximately150 s21, there is a plateau in
viscosity; this is due to the cells reaching a maximum co
Biomedical Optics d September/October 2004 d Vol. 9 No. 5 993
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pression and behaving as rigid particles, hence exhibiting tu
bular pinch.3

Again, the red cells suspended in PBS show similar flow
dynamics to whole blood, reinforcing the assumption that this
behavior is intrinsic to the red cells themselves and not a
product of the complex makeup of whole blood.

6 Summary
We applied DOCT and a novel variation, DAOCT, to measure
both the velocity and concentration profiles of RBCs flowing
in a glass capillary tube of diameter 150mm.

The flow dynamics of red cells are greatly affected by their
physical properties. At low flow rates, the velocity profiles
and concentration distribution across a narrow capillary can
be significantly altered by the rigidity of the cells. Diabetes is
known to produce abnormal microcirculation~increased cap-
illary pressure, loss of red cell elasticity, loss of vessel com
pliance!. In vivo measurements of red cell distributions could
shed light on these processes. At higher flow rates, both no
mal and rigid cells appear to exhibit identical parabolic flow
velocity profiles and both undergo tubular pinch, in which the
radial particle concentration distribution becomes peaked at
location from the center equal to 60% of the vessel radius.

The dynamics of red cells in whole blood are the same a
those suspended in PBS solution, reinforcing the belief tha
the red cells are the only component in blood at sufficien
concentration to significantly affect its mechanical properties
This also suggests that binding of plasma-based proteins su
as albumin to the red cell phospholipid bilayer does not ap
preciably affect the hydrodynamic properties of the red cell.
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