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ABSTRACT: Wall shear stress (WSS) on anchored cells
affects their responses, including cell proliferation and mor-
phology. In this study, the effects of the directionality of
pulsatile WSS on endothelial cell proliferation and mor-
phology were investigated for cells grown in a Petri dish
orbiting on a shaker platform. Time and location dependent
WSS was determined by computational fluid dynamics
(CFD). At low orbital speed (50 rpm), WSS was shown to
be uniform (0–1 dyne/cm2) across the bottom of the dish,
while at higher orbital speed (100 and 150 rpm), WSS
remained fairly uniform near the center and fluctuated
significantly (0–9 dyne/cm2) near the side walls of the
dish. Since WSS on the bottom of the dish is two-dimen-
sional, a new directional oscillatory shear index (DOSI) was
developed to quantify the directionality of oscillating shear.
DOSI approached zero for biaxial oscillatory shear of equal
magnitudes near the center and approached one for uniaxial
pulsatile shear near the wall, where large tangential WSS
dominated a much smaller radial component. Near the
center (low DOSI), more, smaller and less elongated cells
grew, whereas larger cells with greater elongation were
observed in the more uniaxial oscillatory shear (high
DOSI) near the periphery of the dish. Further, cells aligned
with the direction of the largest component of shear but were
randomly oriented in low magnitude biaxial shear. Statisti-
cal analyses of the individual and interacting effects of
multiple factors (DOSI, shear magnitudes and orbital
speeds) showed that DOSI significantly affected all the
responses, indicating that directionality is an important
determinant of cellular responses.

Biotechnol. Bioeng. 2012;109: 695–707.

� 2011 Wiley Periodicals, Inc.

KEYWORDS: computational fluid dynamics; oscillatory
shear stress; directionality of shear; endothelial cells; cellular
responses

Introduction

Wall shear stress (WSS) is commonly accepted as an
important factor affecting endothelial cell morphology and
function (Nerem et al., 1981; Yamaguchi et al., 2000). Cells
elongate and orient with uniaxial steady flow direction,
while unsheared cells have a randomly oriented cobblestone
appearance (Levesque and Nerem, 1985). Gradually increas-
ed steady shear stress reduces cell detachment (Inoguchi
et al., 2007). Axial spreading of cells is increased by shear,
but transverse spreading is unaffected (Chotard-Ghodsnia
et al., 2007). The objective of these morphological changes
appears to be a reduction in intracellular, and perhaps
intercellular, stresses associated with the more hydrody-
namic shape presented to the flow. Three-dimensional
computational fluid dynamics (CFD) simulations over the
atomic force microscope-measured topology of the endo-
thelial monolayer show that both peak surface stress and
stress gradients are reduced by cellular alignment with the
flow, and that the benefits correlate with a hydrodynamic
shape factor (Barbee, 2002). To orient in the favorable
direction, cells must sense not only stress, but also stress
direction. A number of potential mechanotransducers have
been identified that may be common to all eukaryotic cells
(Mofrad and Kamm, 2009), including ion channels that
respond to membrane tension, membrane proteins, inter-
cellular junction proteins, and surface integrins that may
transmit extracellular forces to basal and intercellular
focal adhesions, as well as to the nucleus, where the force
may influence transcriptive gene expression (Huang et al.,
2004). Force-induced molecular unfolding may provide the
mechanical switch that triggers cell response. Enhanced
biochemical transport and residence time are alternative
non-mechanical means by which nonuniform fluid flowCorrespondence to: R.E. Berson
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across the cell surface may elicit cell adaptation (Barakat and
Lieu, 2003).

While much work remains to discover the exact
mechanisms of cellular adaptation, responses appear to
conform to the simple conceptual principle that favorable
remodeling occurs in response to a consistent forward
direction of shear, and are inhibited by inconsistency
(Chien, 2007). Steady shear reduces proliferation and
apoptosis, stimulates growth of cytoskeletal stress fibers
oriented with shear direction, increases athero-protective
gene expression and decreases atherogenic gene expression
(Gimbrone et al., 2000). Pulsatile shear enhances alignment
and elongation compared to steady (Hsiai et al., 2002;
Owatverot et al., 2005), which raises interesting potential
analogies to cyclic fatigue of traditional materials, such as
steel and aluminum, i.e., that transduction actions such as
molecular unfolding may be more likely with periodic
application of force than for steady forces. On the other
hand, response to oscillatory shear is generally the same as
for static conditions, including greater cell turnover, which
increases macromolecular transport through gaps in the
monolayer (Chen et al., 1995). Oscillatory shear stimulates
mononuclear leukocyte adhesion and migration into the
arterial wall (Chappell et al., 1998). Monocytes display
unique forward and backward motion in oscillatory shear,
undergoing rolling, binding, and dissociation with other
monocytes (Hsiai et al., 2003). Reversal of uniaxial pulsatile
shear was quantified by an oscillatory shear index (OSI) by
Ku et al. (1985), who found that OSI correlates with intimal
wall thickness in a model of the human carotid bifurcation.

Time lapse video microscopy showed that cells in steady
shear constantly rearrange their positions with no net
migration, but cells subjected to large spatial gradients
of shear proliferate, change shape and actively migrate
away from the offending location (DePaola et al., 1992;
Tardy et al., 1997). Cell loss is also increased, which has
implications for atherosclerotic macromolecule transport.
Time constants for responses vary, and have been
categorized as immediate, rapid, intermediate, and slow
(Barakat and Lieu, 2003). It follows that responses to
fluctuating shear may be frequency dependent, which has
been observed, for instance, in the contrasting response
of potassium and chlorine ion channels to oscillation
frequency (Lieu et al., 2001). Further, long-term response
may be in the opposite direction of the initial response
(Chien, 2007), which may result from competing responses
with different time constants. Turbulence is characterized by
fluctuations of higher frequency than the heart beat, thus it
might be expected that turbulent shear would fail to elicit
the same responses as physiologic pulsatile shear. Indeed,
it has been found that while cells elongate and align in
steady shear, the same behavior does not occur in turbulent
shear of the same mean magnitude (Davies et al., 1986).
Randomness of the temporal fluctuations in turbulent flow
may also be a factor, however, spatial fluctuations have been
shown to inhibit elongation and alignment (DePaola et al.,
1992; Tardy et al., 1997). It has long been recognized that

strong secondary flows are generated by curvature,
particularly in the aortic arch, and by branches throughout
the arterial system. In complex geometries, what constitutes
the primary and secondary directions may even be unclear.
However, aside from the biaxial fluctuations inherent in the
viscous sublayer of turbulent flow, efforts to quantify the
effects of biaxial shear are lacking. This paper will provide an
index for characterizing biaxial shear, as well as initial results
on the effect of biaxial shear on cell morphology.

A number of experimental setups have been used to
generate different types of shear. Parallel plate flow
chambers generate uniaxial shear simply and controllably,
but care must be taken to account for entrance length and
the variation of shear across the transverse direction in the
channel. The cone and plate apparatus gives nearly uniform
tangential shear fields when operated at moderate to low
speeds. An obstruction can be placed in either flow channel
to create recirculation and reattachment zones with spatial
gradients of shear. Oscillatory or pulsatile flow can be
created in either apparatus with special pumps or drive
motors. A disadvantage of both is that only one experiment
can be conducted at a time, which may cause long time
requirements for large arrays of experiments. Orbital
shakers, on the other hand, can be used to investigate
many cases simultaneously. Shear on the bottom of the
orbiting dish is not only pulsatile, but is also biaxial, the
responses to which are the focus of this paper. Shear
generated by an orbital shaker has been described
analytically (Ley et al., 1989) as

tw ¼ a�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r� m� ð2� p� f Þ3

q
(1)

where tw is shear stress, a is radius of the cylinder, r is fluid
density, m is fluid viscosity, and f is frequency of rotation.
Equation (1) is the solution for the scalar magnitude of shear
stress in an extension of Stokes second problem to orbital
motion of a plate of infinite width under a layer of fluid
with height much larger than the viscous boundary layer
thickness. The biaxial, pulsatile nature of the shear can be
recovered by resolving the extended Stokes second problem.
However, shear generated in dishes on orbital shakers is
nonuniform due to the effects of the vertical walls of
the dish. Furthermore, the solution is limited to particular
ranges of nondimensional parameters, namely low Reynolds
number (laminar flow), high Stokes number (inertial flow),
low Froude number (small free surface waves), and small
free surface angle, which can be quantified as a ratio of the
centrifugal acceleration in G’s and the static fluid height
normalized by the dish radius. In this project, computa-
tional fluid dynamics (CFD) was applied to overcome these
limitations and provide complete temporal and spatial
resolution of shear exerted on the bottom of the dish for
conditions matching those of cell culture experiments. In the
experiments, an orbital shaker was used to generate shear on
anchored cells that were monitored for proliferation and
morphology. A new directional oscillatory shear index
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(DOSI) was developed to quantify the bidirectionality of
oscillating shear. Cell proliferation, area, shape index, and
orientation were investigated for ranges of DOSI values,
radial position and orbital speed.

Methodology

CFD Methodology

FLUENT 6.2.5 (ANSYS Inc., Ann Arbor, MI) was used to
solve the 3D, laminar, incompressible, Newtonian flow.
While the flow in the dish is periodic, a fully transient
solution was applied. The governing equations for
conservation of mass and momentum are:

Conservation of mass :
@r

@t
þ @

@xi
ðruiÞ ¼ 0 (2)

Conservation of momentum :r
@ui
@t

þ ruj
@ui
@xj

¼ � @p

@xi
þ @tji

@xj
þ rgi (3)

where the deviatoric fluid stress tji is tji

¼ m
@ui
@xj

þ @uj

@xi

� �� �
� 2

3
m
@uj

@xj
dij (4)

where r is fluid density, u is velocity, p is pressure, m is
fluid viscosity, and d is the unit tensor. g is gravitational
acceleration, and i, j¼ 1, 2, 3.

A finite volume method was applied to discretize those
partial differential equations into discrete linear equations
by Taylor’s series expansion. The clockwise orbit of the dish
was specified in a user-defined function (UDF) in terms
of the orbital frequency and orbital radius. Simulating flow
in the dish required a dynamic grid that moved through
space, which was created in the preprocessor GAMBIT.
Free surface tracking was accomplished with a volume of
fluid (VOF) model in which the two fluids at the interface
share boundary conditions.

Simulation Protocol

The simulated cases mirrored those of the experiments, with
a dish of height 1.5 cm and radius 2.5 cm. A mesh with
300,000 computational cells was applied. Cell count was
optimized in a previous study (Berson et al., 2008). The cell
culture medium had density of 997.3 kg/m3 and viscosity of
0.00072 kg/m-s. The static liquid height was set at 0.2 cm.
The air above the cell culture medium was simulated as a gas
with density of 1.225 kg/m3 and viscosity of 1.7894 E�5 kg/
m-s. No slip boundary conditions were set at the bottom,
vertical walls, and top of the dish. (For all cases, only air
contacted the top.) The velocity of the orbiting dish was

defined as:

V
! ¼ a� v� exp ði� v� tÞ (5)

where a¼ orbital radius, v¼ angular velocity, and t¼ time.
A time step of 0.001 s was used as a compromise between

temporal resolution and computer time. A semi-implicit
iterative solution was carried out for several orbits to achieve
periodic steady state. The residual values for continuity
and x, y, and z velocities were set to 0.0001, which was
determined in preliminary tests to give rapid convergence
without affecting the results. Orbital radius was 0.95 cm and
orbital speeds of 50, 100, and 150 rpm were tested.

Experimental Protocol

Human umbilical vein endothelial cells (HUVECs, Passage
number—p5) were maintained in 10mL culture medium
(M-199) containing 10% fetal bovine serum, 10mL growth
factor (25mg/mL), 1mL heparin and 5mLpenicillin strepto-
mycin (10,000mg/mL) in fibronectin-coated (25mg/mL)
culture dishes for 3 days at 378C, 5% CO2 in a humidified
(80%) incubator. The cells were then plated at a density of
0.20 million/mL in new dishes (5 cm diameter� 1.5 cm
height) containing 4mL of growth medium and allowed to
adhere. The dishes then were placed on an orbital shaker
platform (Model-3500, Thomas Scientific, Swedesboro, NJ)
at specified orbital speed for 36 h. Control HUVECs were
grown in stationary dishes.

Microscopy and Image Analysis

Images of cells were captured on a Nikon inverted micro-
scope eclipse TE 300 (Nikon Instruments Inc., Melville, NY)
at 10� magnification by a Cool Snap HQ digital B/W CCD
(Roper Scientific, Trenton, NJ) camera. Cells were counted
manually in Metamorph 4.6r5 software (Universal Imaging,
Ypsilanti, MI) and averaged over three independent
experiments. Cell areas were measured by using region
measurement tools in the Metamorph software and shape
indices were calculated. Proliferation and morphological
indices were normalized to that of the stationary control
cells.

Cell Shape Index

Shape index (SI) was defined as (Nerem et al., 1981)

SI ¼ 4� p� Area
�
Perimeter2 (6)

A circular cell has SI¼ 1 while an infinitely elongated cell
has a SI¼ 0.
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Directional Oscillatory Shear Index (DOSI)

The scalar oscillatory shear index (OSI) (Ku et al., 1985) is

OSI ¼ 1�
Z T

0

twdt

����
����
�Z T

0

~twj jdt
� �

(7)

where tw is the instantaneous shear and T is the cycle period.
OSI is zero for monotonically positive shear, and unity for

fully reversing (oscillatory) shear. OSI has been applied to
flows that are largely uniaxial. In an orbiting dish, however,
shear is strongly biaxial. Thus a new directional oscillatory
shear index (DOSI) was formulated to quantify the
dominance of one direction of shear oscillation.

DOSI ¼ 1� OSI2=OSI1ð Þ (8)

where OSI1 ¼ 1� R T

0 t1dt
��� ���.R T

0
~twj jdt

	 

OSI2 ¼ 1�R T

0 t2dt
��� ���.R T

0
~twj jdt

	 

where directions 1 and 2 are defined

such that

Z T

0

t1t2dt ¼ 0 (9)

Direction 1 is assigned as the direction of the smaller
magnitude of the integrated stress, whether this value is
small because the stress is small or because it is oscillatory,
and~tw is for this case a two-dimensional vector, the integral
of the magnitude of which provides a common baseline
for both OSI values. Directions 1 and 2 are analogous to
principal axes for the full cycle of periodic two-dimensional
shear. DOSI is unity for uniaxial shear whether shear reversal
occurs or not, and zero for oscillations of equal magnitudes
in both directions. ThoughOSI1 appears in the denominator
of Equation (8), DOSI remains well-behaved as OSI1 and
OSI2 approach zero, since OSI1 is by definition greater than
OSI2 and for any finite shear only OSI2 can be equal to zero
(which would correspond to non-reversing uniaxial shear).
For non-oscillatory biaxial shear, DOSI remains a measure
of the relative magnitude of the integrated stress compo-
nents, thus it indicates the predominance of shear along a
particular axis even when oscillations do not occur, which
may minimize atherogenesis (Chien, 2007). Distinguishing
between the effects of stress magnitude and oscillation can
be accomplished by also comparing OSI based on individual
stress components rather than resultant stress (in the
denominators of OSI1 and OSI2).

Statistical Methods

Unpaired t-tests were performed using Prism Software
(Graph Pad Software, La Jolla, CA). Four different statistical
distribution models were used to identify the individual and
interacting effects of three simultaneous parameters (DOSI,
shear magnitude and orbital speed).

Poisson Distribution

Cell proliferation is a discrete random variable that
includes only positive integers, hence a Poisson distribution
(Dobson, 1990; Hastie, 1992; McCullagh, 1989) was used to
model this dataset. Cell proliferation at different DOSI,
shear magnitude and orbital speeds were compared with
log-linear regression models under a Poisson family with R
2.11.0 software (Bell Laboratories, Alcatel-Lucent, Paris,
France). The probability of Poisson distribution of random
variable Y is

PrfY ¼ yÞg ¼ e�mmy

y!
(10)

For m> 0, the mean and variance is

EðYÞ ¼ varðYÞ ¼ m (11)

The generalized log linear regression model of a response
Y to three covariates x1, x2, and x3 is

ln ðYiÞ ¼ b0 þ x1ib1 þ x2ib2 þ x3ib3 þ "i (12)

where bi are regression coefficients, and i¼ 1, 2, . . ..n, and n
is the number of observations and ei is the random error
component corresponding to the i-th observation.

Gaussian Distribution

While the histogram of cell shape index (SI) exhibited
positive skewing (Fig. 1A), preliminary tests indicated that
a symmetrical Gaussian model provided a better fit. The
probability density function of the Gaussian random
variable can be written as

f ðx;m; s2Þ ¼ 1

s
ffiffiffiffiffiffiffiffi
2p"

p e
ðx�mÞ2
2s2 (13)

where x and m are real numbers and s> 0. m and s2 are the
two parameters that characterize this distribution. The GLM
model of a response Y to three covariates x1, x2, x3 is

Yi ¼ b0 þ x1ib1 þ x2ib2 þ x3ib3 þ "i (14)

Gamma Distribution

The histograms of cell area (Fig. 1B) exhibited positive skew-
ing, hence a gamma distributions were used (McCullagh,
1989) to model these responses. The probability density
function for a gamma variable x is given below, where
x> 0 k, u> 0.

f ðx; k; uÞ ¼ xk�1 e�x=u

ukGðkÞ (15)
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The generalized inverse linear regression model of a
response Y is

1

Yi
¼ b0 þ x1ib1 þ x2ib2 þ x3ib3 þ "i (16)

Circular-Linear Regression

Cell orientation angle is a circular dependent variable, i.e.,
it has values on a periodic scale on which the end is the same
as the beginning (Fig. 1C), and the independent variables
DOSI, shear magnitude and orbital speed have monotonic
(linear) scales. Therefore, the circular-linear regression
method (Jammalamadaka, 2001) was used to model this
parameter. Let us denote angle of cell orientation, DOSI,
shear magnitude, and orbital speed by u, D, M, and S,
respectively. The circular variable u follows a circular normal
distribution (CN) with mean parameter m and concentra-
tion parameter k if its probability density function is
given by

f ðu;m; kÞ ¼ 1

2pI0ðkÞ e
kcosðu�mÞ (17)

Let

ujðD;M; SÞ � CNðm; kÞ (18)

Now the regression model is

m¼m0 þ gðb� xÞ (19)

where g is the link function and x¼ (D,M, S)m0. Here m0 is
the intercept and b is the vector of regression coefficients
corresponding to D, M, and S. Thus the final regression
model is

u¼m0 þ 2arctanðb� xÞ (20)

Results

Wall Shear Stress by CFD

Scalar resultant WSS was low and more or less uniform at
low orbital speed (50 rpm), whereas it was higher and more
nonuniform for higher orbital speed (100 and 150 rpm,
Fig. 2). The highest WSS occurred in a crescent-shaped area
near the vertical wall under the deep part of the wave, and
lower shear on the opposite side. At the lowest orbital speed,
WSS was relatively constant over the cycle irrespective of
dish location (Fig. 2A), whereas shear varied throughout the
cycle and differed with radial location at the higher orbital
speeds (Fig. 2B and C). At 100 rpm, WSS ranges were 0–

Figure 1. Histograms of cellular responses which contain the plot of relative

frequency density to the response values. A, B, and C indicate histograms of relative

frequency density of average cell area, cell shape index, and angle of cell orientation,

respectively.
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8.2 dyne/cm2 at 85% of the radius, 0–5 dyne/cm2 at 60%,
and 0–3 dyne/cm2 at 20%, respectively. The WSS ranges
at 150 rpm were 0–12 dyne/cm2, 0–9 dyne/cm2, and 0–
4.2 dyne/cm2 at radial locations of 85%, 60%, and 20%,
respectively. Root-mean square (RMS) values of these shear
waveforms (Fig. 2) showed similar trends, with RMS shear
remaining relatively constant across the dish at 50 rpm, but
increasing with radial location for the two higher orbital

speeds (Table I). The radial and tangential components of
shear were low in magnitude and nearly identical to each
other at all three different radial locations at 50 rpm
(Fig. 3A), demonstrating uniform shear conditions across
the dish. However, at higher orbital speeds of 100 and
150 rpm (Fig. 3B and C), radial shear magnitude was low (0–
3 dyne/cm2 for 100 rpm and �2–4 dyne/cm2 for 150 rpm)
for all three radial locations, but the tangential shear

Figure 2. Resultant wall shear stress contours (dyne/cm2) viewed from below the dish and corresponding resultant shear waveforms at different radial locations (20%, 60%,

and 85%) and orbital speeds (50 rpm (A), 100 rpm (B), and 150 rpm (C)).
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magnitude was significantly higher near the edge (at 85%
radial location) compared to that near the center (20%
radial location).

Directional Oscillatory Shear Index (DOSI)

Shear oscillations transitioned from being equally radial and
tangential at 20% of the radius to mostly tangential at 85%,
consistent with the blockage of radial flow presented by the
vertical sides of the dish (Fig. 4A). There was strong reversal
of shear in both directions. At all radial locations for 50 rpm,
shear oscillated nearly the same in both principal directions,

Figure 3. Bidirectional shear waveforms (radial and tangential) at different radial locations for different orbital speeds. A) 50 rpm, B) 100 rpm, and C) 150 rpm.

Table I. RMS values of wall shear stress at different orbital speeds and

radial locations.

Orbital speed

(rpm)

Radial

location (%)

RMS value of WSS

(dyne/cm2)

50 20 0.550

60 0.493

85 0.425

100 20 2.33

60 3.41

85 4.80

150 20 1.758

60 4.14

85 8.45
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producing low DOSI (Fig. 4C, Table II). However, at
increasing radius, particularly for the two higher speeds,
tangential shear magnitude increased relative to radial,
but neither radial nor tangential shear reversal was strong.
However, a dominant direction of shear reversal appeared
upon transformation to principle axes (Fig. 4B). For the two
higher speeds at 85% of the radius, OSI1 was two orders of
magnitude larger than OSI2, causing high DOSI.

Effects of Oscillatory Shear on Cell Proliferation,
Area, and Cell Shape Index

Cells at the periphery (85% radial location) were more
elongated and fewer in number relative to the center of the

Figure 4. Generation of directional oscillatory shear index (DOSI) at different radial locations and orbital speeds. A and B show the plot of tangential versus radial WSS and

plot of WSS towards 1st principal axis versus WSS towards 2nd principal axis, respectively, at different radial locations at 50 rpm orbital speed. DOSI values at 20%, 60%, and 85%

radial locations are indicated in C, D, and E.

Table II. DOSI at different orbital speeds and radial locations. (Reynolds

number based on orbital velocity and static fluid height.)

Orbital speed (rpm),

Reynolds number

Radial

location (%) OSI1 OSI2 DOSI

50, 138 20 0.984 0.949 0.036

60 0.862 0.847 0.018

85 0.724 0.691 0.047

100, 276 20 0.892 0.620 0.305

60 0.917 0.075 0.918

85 0.986 0.006 0.994

150, 413 20 0.839 0.352 0.581

60 0.994 0.111 0.888

85 0.991 0.009 0.991
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dish, where a substantial increase in cell number was noted
compared to cells grown without shear exposure (Fig. 5A).
Cell proliferation did not change significantly with radial
locations at orbital speed of 50 rpm (Fig. 5B). At orbital
speed of 100 rpm, cell proliferation was significantly higher
near the center (DOSI¼ 0.305) and lower near the edge of
the dish (DOSI¼ 0.994) compared to unstressed cells. At
150 rpm, cell proliferation was significantly higher at 20%
(DOSI¼ 0.581) and 60% (DOSI¼ 0.888) radial locations,

but lower at 85% (DOSI¼ 0.991) radial location, than
unstressed cells. Cell area was significantly larger for all
orbital speeds and at all radial locations than for unstressed
cells, and consistently increased with increasing shear
at 100 and 150 rpm. Shape index was significantly lower
than unstressed controls at all locations and for all speeds
(Fig. 5B). Shape index decreased with increasing radial
location, particularly at the two higher speeds, for which
DOSI was high.

Figure 5. Effects of DOSI and shear magnitude on cell proliferation, area, and shape index at three orbital speeds and at three radial locations. A compares example cell

images unexposed and exposed to shear levels at two different radial locations at orbital speed of 100 rpm. B indicates cell proliferation, area, and shape index versus DOSI and

shear magnitude at three radial locations at three orbital speeds.
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Of the single-factor models of cell proliferation, DOSI
provided the smallest deviance (Table IIIA). Adding orbital
speed with DOSI in a two-factor additive model (Dþ S)
reduced deviance significantly, but shear magnitude and
speed (Mþ S) reduced deviance the most. Of the two-factor
interacting models (DM, DS, and MS), only DM reduced
the deviance significantly. The three-factor additive model
DþMþ S reduced deviance a small amount compared

to Mþ S. The three-factor model with single interaction
SþDM provided another small reduction of deviance,
while the fully interacting model DMþDSþMS yielded
the smallest deviance. All individual factors and their
interactions were statistically significant.

DOSI reduced deviance the most among all one-factor
gamma models of cell area (Table IIIA). Among the two-
factor models, the additive DþM provided the lowest

Table IIIA. Deviances of Poisson log-linear model of cell proliferation, gamma distribution of cell area and Gaussian distribution for cell shape index

responses to DOSI, shear magnitude, and orbital speed.

Models

Effects on cell proliferation Effects on cell area Effects on cell shape index

Deviance Degrees of freedom Deviance Degrees of freedom Deviance Degrees of freedom

Null 2,390 251 128.1 696 0.0340 722

One-factor models

DOSI (D) 1,828 250 79.5 695 0.0220 721

Shear magnitude (M) 1,974 250 86.9 695 0.0230 721

Orbital speed (S) 2,380 250 111.7 695 0.0271 721

Two-factor models

DþM 1,811 249 76.2 694 0.0210 720

Dþ S 1,582 249 79.3 694 0.0220 720

Mþ S 1,318 249 86.0 694 0.0230 720

DM 1,631 250 81.2 695 0.0220 721

DS 1,901 250 87.5 695 0.0230 721

MS 2,080 250 100.8 695 0.0250 721

Three-factor models

DþMþ S 1,253 248 75.4 693 0.0210 719

DþMS 1,820 249 78.5 694 0.0220 720

MþDS 1,895 249 84.6 694 0.0220 720

SþMD 1,215 249 81.2 694 0.0210 720

DSþMS 1,899 249 87.3 694 0.0230 720

DMþDS 1,512 249 81.1 694 0.0220 720

DMþMS 1,340 249 71.6 694 0.0230 720

DMþMSþDS 1,198 248 71.6 694 0.0220 719

Table IIIB. Individual and interacting effects of DOSI, shear magnitude and orbital speed on cell proliferation, cell area, and cell shape index.

Parameters

Effects on cell proliferation Effects on cell area Effects on cell shape index

Regression coefficient b Significance P Regression coefficient b Significance P Regression coefficient b Significance P

Individual effects from three-factor additive model (DþMþ S)

DOSI(D) �0.179 <0.001 �0.00319 <0.001 �0.00559 <0.001

Shear magnitude(M) �0.0990 <0.001 �0.000399 <0.001 �0.000760 <0.001

Orbital speed(S) 0.00427 <0.001 7.97 E�06 <0.01 �1.050 E�05 Not significant

Interacting effects from three-factor interactive model (DMþDSþMS)

DM �0.254 <0.001 �0.00136 <0.001 �0.00167 <0.001

DS 0.000840 <0.001 �2.68 E�06 Not significant �2.28 E�05 <0.05

MS 0.000400 <0.001 5.55 E�06 <0.001 3.00 E-06 Not significant

Table IIIC. Individual effects of OSI1 and OSI2 along with shear magnitude and orbital speed on cell proliferation, cell area, and cell shape index.

Parameters

Effects on cell proliferation Effects on cell area Effects on cell shape index

Regression coefficient b Significance (P) Regression coefficient b Significance (P) Regression coefficient b Significance (P)

Individual effects from four-factor additive model (OSI1þOSI2þMþ S)

OSI1 �0.182 <0.001 0.519 <0.001 �0.005892 <0.001

OSI2 0.175 <0.001 �0.271 <0.001 0.004022 <0.001

Shear magnitude(M) �0.099 <0.001 0.096 <0.001 �0.000975 <0.001

Orbital speed(S) 0.00421 <0.001 7.97 E�06 <0.01 �5.845 E�06 Not significant
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deviance. The three-factor model with two interactions
DMþMS was as good as the fully interactive DMþMSþ
DS. The lack of significance of the DS interaction
was confirmed in Table IIIB, where DS is the only
individual or interacting effect on cell area that was not
significant.

The one-factor Gaussian model D of shape index
provided deviance as low as any other models, other than
the two-factor model DþM and the three-factor models
DþMþ S and SþDM (Table IIIA). The individual effects
of DOSI and shear magnitude were statistically significant,
but that of orbital speed was not (Table IIIB). The
interactions DM and DS were significant.

OSI1 and OSI2 also affected the responses significantly
(Table IIIC). For cell proliferation, the incorporation of
these two indices in the two-factor model Mþ S decreased
the residual deviance from 1,318 to 1,272.3 with the loss of
two degrees of freedom, but the inclusion of DOSI reduced
deviance even more to 1,253 with the loss of just 1 degree of
freedom.

Effects of DOSI, Shear Magnitude, and Orbital Speeds
on Cell Orientation

Cell orientation was random near the center of the dish for
all speeds, as indicated by the large scatter in Figure 6A.
Orientation was random at all radial locations for orbital
speed of 50 rpm, but alignment with the dominant
tangential shear direction (towards x-direction in Fig. 6)
increased with radial locations at the higher two speeds in
both 1st and 4th quadrants (Fig. 6B and C). DOSI provided
the highest log-likelihood of 5.26 among one-factor models,
while Dþ S was best among two-factor models with a log-
likelihood of 7.26 (Table IVA). Higher log-likelihood
indicates better fit of the model to the actual probability
distribution of cell orientation. All factors had statistically
significant individual and interacting effects except for the
individual effect of shear magnitude in the three-factor
additive model (Table IVB). Effects of OSI1 and OSI2 were
also significant (Table IVC).

Discussion

The usefulness of the orbital shaker to generate shear on cells
has been described by previous authors (Asada et al., 2005;
Dardik et al., 2005; Haga et al., 2003; Kraiss et al., 2000;
Pearce et al., 1996; Yun et al., 2002). One of the major
advantages of the orbital shaker is its convenience in
simultaneously studying multiple cell responses, since many
dishes can be stacked on the shaker table. The shaker also
provides shear pulsatility, which has been implicated in a
number of physiologic responses. Further, the shaker creates
a range of biaxial shear, which has in this paper been shown
to influence cell response. Computational results for WSS
varied substantially with radial location within the dish,

therefore, studies utilizing the shaker model should expect,
and take into account, differing cell response across a dish.
For the conditions in the current study, nearly uniform
shear fields of low magnitude were observed near the center
for all orbital speeds tested, whereas high and fluctuating
shear ranges were observed near the vertical wall of the dish.
A new hemodynamic parameter, DOSI, was developed to
quantify the directionality of the biaxial shear found in the
dish. DOSI approached zero near the center of the dish,
indicating prevalence of oscillatory biaxial shear, whereas
DOSI approached unity near the vertical wall of the dish,
indicating pulsatile uniaxial WSS.

Figure 6. Angle of cell orientations relative to tangential flow direction at

different orbital speeds and at different radial locations. In A, the cells are scattered

within wide range of angles relative to tangential direction at 20% radial location for

three orbital speeds. B indicates the angle of cell orientation at 60% radial location for

three orbital speeds. Here angle of orientation at 50 rpm remains scattered whereas

the angles of cells at higher rpm were narrowed down towards tangential direction

and in C, angle of cells at higher rpm were further narrowed towards tangential

direction.
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Computed WSS and DOSI values were compared to
experimental observations of cell responses. Cell prolifera-
tion was not significantly impacted by low WSS up to about
1 dyne/cm2, but was greater under biaxial oscillatory shear of
3–4 dyne/cm2. Proliferation was significantly decreased for
uniaxial WSS of 8–12 dyne/cm2. Pulsatile frequency, which

at 0.83–2.5Hz was in the physiologic range, was statistically
insignificant. Cell areas were significantly larger than
controls for all shear conditions, but were especially large
under uniaxial WSS near the wall of the dish. Cells elongated
with increasing shear magnitude and DOSI, and aligned
with the dominant tangential direction of shear near the wall
of the dish. The differences in cell proliferation and
morphology under shear stress may be due to either
enhanced cell division or cell stretching by fluid stresses.
These results are in general agreement with those of
Chotard-Ghodsnia et al. (2007) and Malek and Izumo
(1996), who measured changes in area and aspect ratio
of endothelial cells under a range of steady uniaxial shear.
They observed that axial spreading of cells was increased
by shear stress, but transverse spreading was unaffected.
Multi-factorial statistical analyses found that DOSI was the
strongest determinant of proliferation, area, shape index,
and angle of cell orientation among one-factor models
(Tables IIIA, B and IVA, B). These results indicate that more,
smaller, less elongated and randomly oriented cells grow
in biaxial shear with nearly equal oscillatory fluctuations
(low DOSI), and fewer, larger cells with greater elongation
and more uniform orientation are promoted in uniaxial
pulsatile shear (high DOSI). While OSI1 and OSI2 also
affected the responses significantly, the similar performance
of the combined index DOSI suggests that it sufficiently
represents cell response to be favored for its reduction in
independent parameters.

While the impacts of steady, pulsatile and oscillatory
shear on endothelial cell responses have been previously
observed, these results demonstrate that the directionality of
shear significantly affects responses. These results may have
implications for atherogenesis in human arteries. For
example, it is known that there is an increased propensity
for atherosclerotic lesion development at arterial branch
points (Tokuda et al., 2008), where there may be a greater
likelihood of time-dependent biaxial shear. Further study is
needed to quantify and model the in vivo character of shear
in these areas, as well as to investigate the impact of biaxial
shear on factors (such as adhesion molecule expression)
controlling lesion development. The responses observed in
the current experiments support Chien’s (2007) concept of a
preferred condition of a clear direction of shear for
protection from atherogenesis, and suggest that the concept
extends to biaxial shear.
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