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ABSTRACT Electron spin resonance (ESR) spectra of spin-labeled human erythrocytes in shear flow are simulated to
derive semi-empirical relations of the ESR spectral change with deformation and orientation of the cells by using a
modified theoretical model developed for deformation and orientation of liquid drops. The six observed spectra at
different shear stress values were simultaneously simulated by adjusting only two parameters. One parameter can be
related to the ratio of the internal to the external viscosity, and the other to the elastic property of the cell membrane.
From these results we have derived a semi-empirical relationship between the average deformation index or the
orientation angle with a spectral measure, which characterizes the spectral shape change induced by shear stress. Thus,
it becomes possible to obtain improved quantitative information on the rheological behavior of red blood cells by using
the spin-label ESR method.

INTRODUCTION

The ability of normal human erythrocytes to deform in
blood flow is an essential factor for their function and
survival, since they must negotiate their way through
capillaries and the narrow portals of the spleen. For
example, it has been suggested that when this ability is lost
in vivo for any reason, the red blood cells are trapped
between the splenic cords and destroyed (1). In fact,
premature destruction of red cells due to reduced deform-
ability was observed in several diseases such as Duchenne
muscular dystrophy as reported by Rice-Evans and Dunn
(1). It is, thus, quite important clinically and biophysically
to elucidate the mechanisms by which the red cells exhibit
the extraordinary deformability without losing their struc-
tural integrity.

Recently, we have expanded the application of the
electron spin resonance (ESR) spin-labeling method to
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assess the deformation of the red cells in shear flow by
measuring the ESR spectral change induced by the flow,
and also by observing the recovery process of the spectral
difference when the flow is abruptly interrupted (2-4). In
the previous papers of this series (2, 4), we demonstrated
that the change of the spectra by shear stress reflects the
extent of both the whole cell deformation and orientation,
which depend upon the intrinsic as well as the extrinsic
mechanical properties of the cells.

Furthermore, it was confirmed by photomicrographic
observation that under the same conditions as in the ESR
experiments, the cells in flow were elongated and aligned
approximately along the flow direction (4). Based upon
these results, we attempt here to extract more quantitative
information from the ESR spectral change by simulating
the ESR spectra observed at various shear stress values.

Recently, Bitbol and Leterrier (5) reported the simula-
tion of the ESR spectra of red cells in shear flow with the
assumption that the cells orient without deformation. As
has been well demonstrated (2, 4, 6, 7), however, the red
cell orientation in flow is closely tied to simultaneous
deformation, and if the cells are hardened, they rotate in
flow and do not orient. This assumption of no deformation,
therefore, is not applicable to most cases in which orienta-
tion is accompanied by the cell deformation. It may be
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justified in situations of low shear rate flow in which the
cells retain a nearly biconcave shape and orient to some
extent, but would not apply to the high shear rate condi-
tions.
The general procedure for simulation of the ESR spectra

of spin-labeled fatty acid incorporated in a lipid matrix has
been well established (8). The remaining problem in
simulation is how to describe the deformation and orienta-
tion of the cells in flow. Since, in the ESR experiments, a
flat quartz cell with a small gap between the surfaces was
used as a flow cell, the flow dynamics may be approxi-
mated by two-dimensional Poiseuille flow as shown in Fig.
1. Due to the presence of a parabolic distribution of the
flow velocity, the degree of deformation and orientation of
a cell depends upon the depth measured from the flat
surface. Therefore, the simulation requires the knowledge
of the relation between deformation/orientation and the
shear stress.

According to the photomicrographic studies by Gold-
smith (6) and Goldsmith and Marlow (7), the cells in
Poiseuille flow behave as follows. (a) At a shear stress
below 0.1 Nm 2, the cells rotate like rigid disks. (b) When
the shear stress exceeds 0.1 Nm 2, they are deformed into
an ellipsoidal shape and orient with the long axis lying at
an angle to the flow direction, and the extent of deforma-
tion and orientation increases with the shear stress at least
up to 0.3 Nm-2. (c) The deformation and the orientation of
the red cells are generally analogous to those of liquid
drops with the flat surface of the deformed cell facing the
wall of the tube as do the deformed liquid drops (7). A
similar phenomenon was also observed by Fischer et al.
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FIGURE 1 Schematic model for deformation and orientation of a red
blood cell in a two-dimensional Poiseuille flow. (a) The shape of the
deformed cell is described by an ellipsoid having three different axial
lengths a, b, and c. t is the principal axis of the 2p,, orbital of the spin label
at a point p on the cell surface. (b) The cell orients with the y axis of the
ellipsoid parallel to the Y axis of the ESR cell. The orientation angle a is
defined as the one between the X and the z axis. I is the gap between the
flat surfaces (I = 0.27 mm) of the flow cell. The arrows parallel to the Z
axis indicate the parabolic distribution of the flow velocity.

(9, 10) by using a rheoscope, and by Kon et al. by
photomicrography (4).

In theoretical study, on the other hand, Richardson ( 11)
calculated the deformation and orientation of an ellipsoidal
microcapsule suspended in flow at low shear rates neglect-
ing the influence of the internal fluid. Kholeif and Wey-
mann (12) proposed a two-dimensional model to explain
the rotation and deformation of the red cells assuming a
fixed shape resembling the actual cross section of an
undeformed red cell. Both of these, however, have obvious
shortcomings and are not adequate for our purpose.
Barthes-Biesel (13) recently proposed a theory on the
deformation and orientation, in shear flow, of a microcap-
sule that consists of a thin elastic spherical membrane
enclosing an incompressible Newtonian viscous fluid.
Except for the spherical shape chosen, this model is closer
in structure to a red cell and may be potentially useful in
determining how deformation and orientation of a red cell
depends upon the visco-elastic properties of the cell constit-
uents. However, there is a critical discrepancy between the
result of calculation and the actual behavior of red cells,
especially at high shear rates; namely, the deformation of
red cells in shear flow is known to approach a plateau at
sufficiently high shear rates, but no such asymptotic
behavior could be derived from the calculation. Thus no
truly satisfactory theory has yet been proposed to describe
the behavior of red cells in shear flow.'

In view of this circumstance, we adopt, as a first
approximation, the theory for drop deformation developed
by Cox (15), which later was expanded by Flumerfelt (16).
As will be shown, the description of deformation and
orientation derived from the Cox theory can reproduce the
above-mentioned behavior of red cells in flow better than
the microcapsule models.
The measure of deformation used in the Cox theory is

the deformation index, D, defined by D = (L -B)
(L + B), where L and B are the lengths of the long and
short deformed axes, respectively, while the third axis is
assumed to remain the same as the radius of the original
sphere. D is related to other parameters appearing in the
Cox theory by

D = 5(19X + 16)/4(X + 1)[(19X)2 + (20k/G)2]1/2 (1)

where

X =no/ol and k = ulna (k in s- ). (2)

no is the drop viscosity, n, the viscosity of the suspending
fluid; a, the interfacial tension; a, the radius of the drop;
and G, the shear rate. D is plotted as a function of G in
Figs. 2 and 3. The orientation angle a between the longest

' After this writing, an improved treatment by Keller and Skalak of the
motion of an ellipsoidal membrane encapsulating a Newtonian fluid in
plane shear flow came to our attention (14).
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FIGURE 2 The dependence of the deformation index, D, on the shear
rate, G, for various values of X at a fixed k = 200 as derived from Eq. 1.

axis of the cell and the normal to the flow direction is given
by

a = Xr/4 + (1/2)tan -'(19XG/20k). (3)

The dependence of a on G is shown in Fig. 4 for various
values of X. Despite the fact that a large deformation of red
cells should, strictly, be outside the range of validity of the
theory, the D vs. G profiles derived from Eq. 1 reproduce
the qualitative features of the experimental curves by
Fischer et al. (9, 10) obtained by using a rheoscope or those
of Mohandas et al. (17) by ektacytometry. The profiles
also resemble the ESR spectral change vs. G curves
obtained by the present authors (2). This is probably due to
the fact that despite the biconcave shape of the red cells at
rest, the deformed shape is nearly ellipsoidal because the
nonspherical part of the initial shape is transient and is
eliminated under shear stress in a short period of time, as
pointed out by Cox (15). In fact, microscopic observations
at high shear stress values support this interpretation
(18, 19).

In applying the Cox theory we treat X and k as adjust-
able parameters to find the best-fitted simulation spectra,
disregarding, at first, the original physical meanings. We
extract a semi-empirical relationship between the observed
spectral change and the cell deformation index D. We will
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FIGURE 3 The dependence of the deformation index, D, on the shear
rate, G, for various values of k at a fixed X = 2.5 as derived from Eq. 1.-

FIGURE 4 The dependence of orientation angle a on G for various values
of X at a fixed k = 200 as derived from Eq. 3.

show that the estimated maximum deformation index is in
good agreement with the experimental values and demon-
strate that our model for the behavior of the red cells in
shear flow is an adequate first approximation.

THEORY

Shear Rate in ESR Cell

We assume that shear rate, G, depends upon the depth, x, measured from
the flat surface of the flow cell and follows the relation for fully developed
Newtonian laminar flow (9):

G = 12V(0.5 - X/)/(l2W), (4)

where I is the gap (I = 0.27 mm) between the flat surfaces, V is the
volume flow rate, and w is the width (0.8 cm) of the ESR cell. The shear
stress is estimated from G and the viscosity of the red cell suspension at
35% hematocrit in a 5% dextran solution. The viscosity is assumed to be
constant at 0.89 x 10-2 Nsm 2. Half of the gap I is divided into 10
regions, and the values of G, the orientation angle, a, and the deformation
index, D, were calculated for each of the regions.

Cell Shape

We assume the shape of the deformed cell to be an ellipsoid having three
unequal axial lengths

x2/a2 + y2lb2 + Z2/C2 = i (5)

as shown in Fig. 1. We define the deformation index for the red cell, as in
the theory by Cox (14), in terms of the deformed axes for which we choose
a and b (Fig. 1). Thus, D = (a - b)/(a + b). This choice of deformed
axes differs from that for the liquid drop in which the deformed axes
(L, B) lie in the plane perpendicular to the flat flow cell surface. The
difference is an inevitable consequence of the different initial shapes of
the liquid drop (sphere) and the red cell (discoid). This choice of the
deformed axes is not only reasonable in view of the aforementioned
photomicrographic observations, but it also fulfills the requirement that
D -0 as the shear rate tends to 0 (Eq. 1). The value of c is estimated
using a constraint that the surface area of the red cell remains constant
(142 Om2) throughout the range of deformation (21). Numerical calcula-
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tions of the area for various values of the deformation index yields an
approximate quadratic equation2 for c in terms of a (in micrometers):

Calculation of the Resonance Magnetic
Fields

c = 4.31 - 1.13a + 0.123a2 (6)
where

a = 4.2(1 + D), and b = 4.2(1 - D). (7)

We assume that the fatty acid spin labels (5-doxyl stearic acid) are
incorporated in the red cell membrane with the chain length aligned
approximately normal to the membrane surface, and the hydrophilic end
of the label molecule located at a point (r, 6, () on the surface (8). The
principal axis (Q) of the 2p,, orbital of the N-O group in which the
unpaired electron resides is parallel to the chain length and, therefore, is
normal to the membrane surface.
When the external magnetic field, Ho, is applied at a direction (<, 4)

with respect to the z axis of the ellipsoidal cell, the angle ,B between the
field and t at (r, 6, () on the surface is given by

cos = (bc sin 6 cos ( sin ® cos ))/aQ

+ (ac sin X sin ® cos 4)/bQ + (ab cos 6 cos ®)/cQ (8)

where

Q = [(bc sin 0 cos ,)2/a2 + (ac sin 6 sin 0)2/b2

+ (ab cos6)2/C2]'12. (9)

The angle ,B is calculated numerically from Eq. 8. Assuming that the fatty
acid spin labels are uniformly distributed in the membrane of the cell, the
population around a point p(r, 6, () may be proportional to the surface
area dS

dS = [r2 sin2 6 + sin2 6 (4r/AG)2 + (AIr/o9o)2] 112rd6d(k
Q sin 0r4dOdo/abc (10)

and

r = [(sin 0 cos q5/a)2 + (sin 6 sin (/b)2

+ (COS 6/C)2] - 1/2 ( 11)

Consequently, the intensity of the ESR signal due to the spin labels
around the point p is also proportional to dS.

Cell Orientation in Shear Flow

The longest axis of the deformed cell tends to orient along the flow
direction with the flat surface facing the flow cell wall. Since the external
magnetic field is applied normal to the flat cell in our experiments (2-4),
the orientation angle a coincides with @ as shown in Fig. 1. We also
assume that at a shear stress below 0.05 Nm2, the red cells are randomly
oriented. Although, strictly, red cells tumble like rigid disks in shear flow
below 0.05 Nm-2 shear stress, and the tumbling is not random (6), this
assumption is justified since completely hardened red cells show little
ESR spectral change in flow.

2 The approximation of Eq. 6 was tested by computing the surface area
using the more accurate expression given by Keller and Skalak (Eq. 69 of
reference 14; typographical error corrected). For b 2 c, the axial lengths
obtained from Eqs. 6 and 7 give the surface area S = 141 + 2 1Im2, which
is in good agreement with the constraint. Incidentally, the cell volume,
which is not constrained here, is similarly calculated to be 121 + 4 iAM3, a
little larger than the actual cell volume.

The fatty acid spin label is known to undergo rapid and random
anisotropic rotations about the chain axis when incorporated in the cell
membrane (8). The motion averaged principal values of hyperfine
coupling constants, Al, A1, and g factors, gl, g1, are related to the single
crystal parameters, T%, Ty, Tz, gx, gy, and gz, as follows (8):

All = Tz, A1 = (T. + TY)/2, gll = g,

g_ = (g. + gy)/2. (12)

Furthermore, a rapid wobbling motion of the long axis of the rotating spin
label must be taken into account (8). The wobbling averaged magnetic
parameters Al, A1 are

All = A1 + (All - A,)W,
Aw = A1 + (All- A1)(I - W)/2 (13)

where

W= (1 +cos y +cos2 y)/3, (14)

and y is the maximum half amplitude of wobbling. Corresponding
expressions hold for the g factors. The reasonant magnetic field H(J, ,B) is
calculated by the following equations:

H(J,f) = h[v + JA(f3)]/g(f)3e,

A(,B) = [(All cos (3)2 + (A' sin 3)2]1/2

g(#) = g,11 cos2 ( + gl sin2 #,

(15)

(16)

(17)

where h is the Planck's constant; v, the microwave frequency; (3d, the Bohr
magneton; and J is the nuclear quantum number of '4N in the N-O
group.

Calculation of the Line Width

It is known that the line width of the absorption depends upon the '4N
nuclear quantum number (+1, 0, -1) and the angle (3 between the
external magnetic field and the z axis of the nitroxide group (21 )

W(+ 1, l) = 3.0

W(O, f.) = 2.5 + 1.8(3cos2,B - 1)2/4

(18)

(19)

W(- 1, (3) = 4.0 (in gauss). (20)

Convolution of the Stick Spectra
A simulated spectrum is calculated as the summation of all the
histograms over the 10 regions using Lorentzian line shape of varying line
widths. The intensity of an individual absorption is ignored beyond the
magnetic field range of six times the half-width on both sides of the
peak.

RESULTS

The ESR spectra were obtained as described elsewhere
(2).

Isotropic Spectrum
First, the wobbling angle, y, was estimated to be 350 from
the best fit of an observed spectrum at rest. The calculated
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and the observed spectra are compared in Fig. 6 a. The
numerical values used for other magnetic parameters were
taken from reference 21. They are all assumed to be
constant throughout the flow process.

Simulation of Anisotropic Spectra
We simulated five observed spectra measured at different
shear stress values by adjusting only two parameters, X and
k. The dependences of the deformation index D and G in
Figs. 2 and 3 show that the value of D at the plateau
depends mostly on X and is virtually independent of k for
the range of k < 500, whereas the dependency of D on G
before the plateau is reached is mainly determined by k.
Since, as mentioned above, there is a close resemblance
between D vs. G curves and the spectral change vs. G
profiles, the values of X and k may be estimated by using
the characteristics of the ESR spectral change at a high
and a low shear rate, respectively.

For that purpose, we adopt the ratio 1'/1 of the peak-
to-trough amplitudes of the low field and the center
absorptions as shown in Fig. 6f. Generally, the greater the
degree of deformation and orientation of red cells, a larger
value for 1'/1 is expected. Fig. 5 shows the dependence of
the calculated 1'/1 on X under a sufficiently high shear
stress of 8 Nm-2 (shear rate 900 s-') at the flow cell
surface when k is fixed at 200. Despite that the decrease in
X should cause increase in D (meaning a larger cell
deformation) as can be seen in Fig. 2, the calculated 1'/1 is
seen to decrease with decrease in X. This apparent reversed
trend can be understood if we realize that according to Eq.
3, at the shear stress of 8 Nm 2, the cells are almost
completely oriented even though the X values may be
relatively large and the cells are not greatly deformed (see
Fig. 4). In this hypothetical situation, since the large flat
area of the cell is normal to the magnetic field, and the
population of the spin label at the flat surface is much
higher than on the rim, the calculated 1'/1 value is exces-
sively large (see Fig. 2, reference 5). As the X value is
decreased and the cells are deformed accordingly, to
approach a more realistic situation, 1'/l decreases because
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FIGURE 5 The relation of the calculated spectral parameter, 1'/1, to X at
the shear stress of 8.0 Nm-2 (left ordinate) at k = 200, and a similar
relation to k at the shear stress of 0.4 Nm-2 (right ordinate) with X =

2.72.

of the decrease in the flat portion of the cell surface normal
to the magnetic field and the corresponding increase in the
surface area on the rim. Thus, by choosing l'/1 equal to the
experimentally observed value, the optimal degree of
deformation and orientation can be determined.
From the observed l'/1 of 0.58 at the shear stress of 8

Nm-2, X is estimated to be 2.72. Fig. 5 also shows the
relationship of l'/I and k at a low shear stress of 0.4 Nm- 2
with X fixed at 2.72. Again, using the observed l'/1 of 0.43,
k is determined to be 280.
The simulated spectra using these parameter values are

compared in Fig. 6 with the observed ones at various shear
rates. The values of 1'/l obtained by simulation are com-
pared with the observed values in Table I. The excellent
agreement between them verifies that the assumptions

,r' ., S f

j:

L .;.,s.,2l;'.

FIGURE 6 Comparison of the simulated spectra with the corresponding
observed ones. Simulated spectra (-- ) were calculated with the follow-
ing parameters: g. = 2.0088, gy 2.0061, g& = 2.0027; Tx = 17.6, Ty =

16.73, T, = 93.8 (in megahertz); =y 350, X = 2.72, k = 280. The observed
spectra ( ) were obtained at 250C from a red cell suspension at 35%
hematocrit in a 5% dextran solution in 5 mM isotonic phosphate buffer
(pH - 7.4). The flow rate was adjusted to give the shear stress at the
surface of the flow cell (a) 0.0, (b) 0.3, (c) 0.4, (d) 1.0, (e) 3.2, and (f)
8.0 Nm 2
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TABLE I
COMPARISON OF THE OBSERVED i'/1 VALUES WITH
THOSE ESTIMATED FROM THE SIMULATED
SPECTRA

Shear stress Observed* Simulated

Nm-2
0 0.19 0.19
0.3 0.42 0.36
0.4 0.46 0.45
1.0 0.52 0.53
3.2 0.57 0.58
8.0 0.58 0.58

*Experimental error ± 0.01.

made concerning the deformation and orientation are a
good approximation. The fit at a low shear stress of 0.3
Nm-2 is somewhat poorer compared with the others. This
may be attributed to neglect, in our model, of the effect of
the dimples that remain at low shear stresses (9, 10). The
maximally deformed shape of a red cell under the given
conditions is calculated to be an ellipsoid with a = 6.0, b =
2.4, and c = 1.9 ,um, from which the deformation index of
0.44 is obtained. The Dmax values estimated from photomi-
crographic observations are in the range 0.5-0.6, depend-
ing upon the viscosity of the medium (2 - 3) x l0-2
Nsm-2 (9, 10). Since the viscosity in the present experi-
mental condition is 8.9 x 10-3 Nsm-2, the deformation
index of 0.44 derived here is considered reasonable, since
the Dmax increases with the viscosity of the suspending
medium (10).

Relationship between the Spectral Change
and Deformation Index

Since the observed spectrum in shear flow is a superposi-
tion of the component spectra at different G values, the
average deformation index (D) and orientation angle
( a ) are calculated by averaging D and a over the depth x,
and are related to the observed spectral parameter 1'/1 as
shown in Fig. 7. With these semi-empirical relations, it is

V .4.
4/,

F

FIGURE 7 The relation of the average deformation index (D) (left
ordinate, 0) or the average orientation angle (a) (right ordinate, A)
with the spectral parameter, 1'/1, calculated with X = 2.72 and k = 280.
The shear stress is changed as in Fig. 6.

possible to estimate both the average deformation index
and orientation angle from the observed ESR spectra of
spin-labeled intact red cells at a given shear rate.

DISCUSSION

We have shown in our previous papers that the change in
the ESR spectra of the red cells under shear stress is closely
associated with both deformation and orientation of the
cells (2-4). Here we have derived semi-empirical relation-
ships of a spectral parameter 1'/1 to the average deforma-
tion index or to the average orientation angle. Although the
theory used for constructing a model for the behavior of the
red cells in flow is admittedly an approximation, it provides
an insight into some aspect of the red cell behavior in flow.
The satisfactory agreement between the simulated and the
observed spectra in the present work implies that our model
of the red cells in flow based upon the Cox theory for drop
deformation indeed describes some of the essential features
of the red cell behavior. A further confirmation of this is
that all six spectra taken under various shear stresses can
be reproduced using a single set of X and k values, and that
the fit is especially sensitive to the change of X value (see
Fig. 5).

In this treatment, we used X and k simply as adjustable
parameters, independent of their original meanings of the
relative viscosity of the intra- and extra-cellular fluids and
the quantity related to the interfacial tension, respectively.
Note, however, that the dependence ofD vs. G curves upon
the parameter X derived from Eq. 1 (Fig. 2) resembles the
ESR spectral change vs. G curves observed when the red
cells were treated to various degrees by glutaraldehyde (2).
The profile is also similar to the deformation index vs. G
plot of the red cells in hypotonic media observed by
ektacytometry (17). In both treatments, the whole cell
deformability is modified by, among other factors, the
change in the intracellular fluid viscosity through cross-
linking by glutaraldehyde or due to dilution in hypotonic
media.
The appearance of the D vs. G plot (Fig. 3) shows a

characteristic dependence on k such that there is a greater
decrease in D in the low shear rate region as k is increased,
and the decrease in D becomes insignificant in the high
shear region. This is especially evident when k < 500. The
particular trend has been observed experimentally in the
deformation index vs. G curves when red cells were exposed
to heat treatment at 470 for various lengths of time ( 17) or
when the cells were treated by diamide (9). The main
effect of the treatments is the reduced membrane deform-
ability. Thus, the parameters X and k seem to play, in the
present model, the roles analogous to their original mean-
ings.

Since no - 10-2 Nsm-2 (23-25) and X for a 5% dextran
solution is 3 x 10-3 Nsm-2, the ratio X is 3.3 and as
determined in this simulation, X is 2.7. These values are in
fair agreement.
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Estimation of the surface tension a is not straightfor-
ward, since k = ala = 280 was determined from the ESR
spectral characteristics that represent the average over the
distribution of the degrees of orientation and deformation.
Goldsmith and Marlow (7) estimated the surface tension
of the red cells at the shear stress of 0.1 Nm2 from the
deformation data to be 1.4 x 10-5 Nm-'. In the present
work, assuming that a = 4.2 ,um (Eq. 7), k = 280 gives a =
0.35 x IO-' Nm-', which is one-fourth of their estimation.
The discrepancy is not unexpected in view of the approxi-
mations in the theory. The numerical values determined in
this simulation should be noted with caution, especially
since the whole cell deformation/orientation is a complex
event, which is determined also by factors other than the
single cell deformability.

The authors are indebted to Dr. Richard S. Chadwick and Dr. Aydin
T6zeren for their critical comments and stimulating discussions on the
manuscript.
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