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Analysis of Temporal Shear
Stress Gradients During the Onset
Phase of Flow Over a
Backward-Facing Step
Endothelial cells in blood vessels are exposed to blood flow and thus fluid shear stre
arterial bifurcations and stenoses, disturbed flow causes zones of recirculation and
nation, which are associated with both spatial and temporal gradients of shear st
Such gradients have been linked to the generation of atherosclerotic plaques. For in
studies of endothelial cell responses, the sudden-expansion flow chamber has been
used and described. A two-dimensional numerical simulation of the onset phase o
through the chamber was performed. The wall shear stress action on the bottom plat
computed as a function of time and distance from the sudden expansion. The r
showed that depending on the time for the flow to be established, significant tem
gradients occurred close to the second stagnation point of flow. Slowly ramping the
over 15 s instead of 200 ms reduces the temporal gradients by a factor of 300,
spatial gradients are reduced by 23 percent. Thus, the effects of spatial and tem
gradients can be observed separately. In experiments on endothelial cells, disturbe
stimulated cell proliferation only when flow onset was sudden. The spatial pattern
proliferation rate match the exposure to temporal gradients. This study provides info
tion on the dynamics of spatial and temporal gradients to which the cells are expos
a sudden-expansion flow chamber and relates them to changes in the onset phase
@DOI: 10.1115/1.1389460#
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Introduction
The vascular endothelium is uniquely situated to act as the

nal transduction interface between hemodynamic forces and
underlying smooth muscle. Many early events in the pathogen
of atherosclerosis are linked, at least initially, to complex hem
dynamic forces unique to atherosclerotic prone regions of the
culature@1#. Flow characteristics such as flow separation, recir
lation and reattachment, as it occurs close to arterial bifurcati
may directly contribute to the initiation of focal atherogene
@2,3#. Conversely, steady laminar shear stress, as it occurs in
curving regions of the vasculature, induces vasoprotective n
oxide @4# and prostacyclin synthesis@5#, and inhibits proathero-
sclerotic endothelial turn-over@6#.

A number of studies have suggested that localized spatial
dients in shear stress can induce a proatherosclerotic endoth
cell proliferation-migration-loss cycle at the point of flow stagn
tion @2,3#. Activation of endothelial cell proliferation has bee
reported at sites with a spatial gradient between 4 and 8 P
@7,8#. However, throughout each stage of the cardiac cycle,
change in flow rate and shear stress can also generate loca
temporal gradients in shear stress. At sites of flow separation
flow reversal, such as anastomoses@9# or the human carotid artery
@10#, the endothelium is exposed to overlapping temporal and s
tial gradients of shear stress. In cultured endothelial cells, t
sient temporal gradients in shear stress as short as 3 s induration
have been shown to stimulate the expression of PDGF-A
MCP-1 as well as activate the pro-mitogenic MAPkinase sign
ling pathway @11,12#. Furthermore, oscillating shear stress h
been shown to coincide with sites of intimal thickening in t
human aorta@13#. Clearly, spatial and temporal gradients overl
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in atherosclerosis prone regions and must be separated in ord
determine which of the two stimuli is the main cause of athe
sclerotic plaque growth.

An establishedin vitro model used to simulate flow in bifurcat
ing arterial regions is the backward-facing step flow chamber@14#.
In this model, fluid flows from a narrow channel over a st
expansion into a wider channel. The asymmetric expansion of
flow path leads to a separation of the flow. Close to the expan
step, there is a recirculating eddy with a flow direction against
main flow. Farther downstream, the flow reattaches and eventu
re-establishes a unidirectional parabolic flow profile. At phy
ological Reynolds numbers, the flow is laminar in the ent
chamber. In the backward-facing step flow chamber, endothe
cells exposed to the separated flow streams experience large
tial shear stress gradients, especially close to the second sta
tion point. However, if the onset of flow is sudden in th
backward-facing step flow chamber~i.e., rapid increase of the
inflow velocity!, the steady state of the flow requires several m
liseconds to develop fully@15#, subjecting the cells to a large
temporal gradient of shear stress. Therefore, cells in the regio
recirculating flow are exposed to both spatial and temporal gr
ents of shear simultaneously if the flow of the system is turned
instantaneously. The temporal gradient in the backward-fac
step flow chamber can be effectively eliminated if the onset
flow is slowly ramped up. By comparing the effects of a sudd
onset of flow~with both temporal and spatial gradients! with that
of slowly ramped flow~where temporal gradients are close
zero!, the purported proatherosclerotic effect of these two disti
mechanical stimuli effects can be separated.

For a better understanding of the magnitude of temporal sh
stress gradients, numerical methods have been used in this s
to elucidate time-dependent changes in fluid flow. Based on
initial observation of a relatively slow development of the ed
@15#, flow simulations have been performed for different flow o
set times and for different expansion ratios, focusing on the res
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ing wall shear stress. Experiments were performed to verify
numerical results. In light of observations that localized elevatio
in endothelial cell turn-over is an early event in atherosclero
plaque development@7#, the spatial distribution of endothelial ce
proliferation after exposure to time-dependent fluid flow was a
determined.

Materials and Methods

Flow Chamber With Backward-Facing Step. The
backward-facing step flow chamber used in this study was a m
fication of the chamber described by Truskey@14#. It consisted of
a polycarbonate block with the inlet and outlet ports, two medic
grade silicone gaskets of a nominal thickness of 0.51 and 0
mm, and a glass slide. The flow channel was cut into the gask
59.5 by 21 mm for the 0.25 mm gasket, and 53 by 21 mm for
0.51 mm gasket. A vacuum applied to a third port in the polyc
bonate block secured the components together. Micrometer m
surements showed actual thicknesses of 0.56 mm for the thi
gasket ~this is the actual step heightS! and 0.23 mm for the
thinner gasket~which is the inflow channel heightL!. The result-
ing outflow channel height was therefore 0.79 mm and the exp
sion ratio (L1S)/L53.4. For the flow simulations, the heigh
valuesL50.23 mm~inflow! and S50.56 mm~step height! were
used. The origin of the coordinate system was located at the lo
edge of the expansion point. The simulated channel extends 5
in negativex direction~before the sudden expansion!, and 15 mm
in positive x direction, after the sudden expansion. The main
rection of the flow is positive inx. The geometry is depicted in
Fig. 1.

Numerical Simulations of Flow. It has been observed that i
a similar backward-facing step flow channel, the flow is homog
neous in the third dimension for about 80 percent of the width
the flow channel@14#, and that the calculated values for the se
ond stagnation point and shear stress do not significantly v
between a two-dimensional and a three-dimensional model. A
the Reynolds numbers in this study have been found to be wi
a range of two dimensionality of the flow@16,17#. For this reason,
a two-dimensional model was chosen. The governing equati
the momentum Eq.~1! and the continuity Eq.~2! for viscous,
incompressible fluids, were solved numerically by employing
finite-element staggered grid discretization with a weighted co
bination of upwind and central differences.

]

]t
uW 1~uW grad!uW 1gradp5

1

Re
DuW 1gW (1)

div uW 50 (2)

In Eqs. ~1! and ~2!, uW 5(ux ,uy) is the velocity field,p is the
pressure, andg the body forces, which in this case are neglect

Fig. 1 Geometry of the backward-facing step flow chamber
with the dimensions used in the computer simulation. The ori-
gin of the coordinate system is the lower right corner of the
expansion step. In order to keep the grid size small, only the
first 15 mm downstream of the expansion site were considered
in the model, since the fully reattached parabolic-profile flow is
established at that point. Also shown are the streamlines of the
steady-state flow at Re Ä243 with the second stagnation point
at 4.8 mm.
456 Õ Vol. 123, OCTOBER 2001
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(g50). Normalization took place over the inflow channel heig
L and the variable average inflow velocityu` so that the Reynolds
number is defined as~3!:

Re5
r

m
u`L (3)

For the simulations with ramped flow, the spatial grid was ma
up of 600 by 100 nodes for a dimensional size of 20 by 0.79 m
15 mm for the length of the channel downstream of the expans
step. The detailed procedure has been described in@15#, and the
algorithm is outlined in the appendix.
For the simulation of ramped flow, the Reynolds number w
increased linearly from Remin510 at t50 to Remax5243 at t
5t ramp, and kept constant thereafter. For each discrete time s
the step sizedt was chosen so that the stability condition~4! with
k50.5 was satisfied, resulting in an adaptive stepsize algorith

dt<k•minH Re

2 S 1

dx2 1
1

dy2D 21

,
dx

uuxmaxu
,

dy

uuymaxu
J (4)

To verify the suitability of the selection ofk50.5, a ramped-flow
simulation (t ramp5200 ms! was performed for discrete values o
k50.9,0.8, . . . ,0.2 and the resulting maximum shear stre
and position of the second stagnation point were analyzed
convergence.
In regular time intervals, the wall shear stress was calculated
the momentary flow situation~Eq. ~15!!, which in its discrete form
and observing the staggered grid geometry becomes Eq.~5!:

t~x, t !5m
]ux~x, y, t !

]y U
y50

5
2Ux~x, dy, t !

dy
•

mu`

L
(5)

The shear stresst(x, t) is recorded in dependency of thex posi-
tion downstream from the sudden expansion point and the ti
Using central differences, the temporal shear stress gradient~Eq.
~6!! and the spatial shear stress gradient~Eq. ~7!! were computed.

ṫ~x, t !5
]t~x, t !

]t
'

t~x, t2dt !2t~x, t1dt !

2dt
(6)

t8~x, t !5
]t~x, t !

]x
'

t~x1dx, t !2t~x2dx, t !

2dx
(7)

Along the bottom wall (y50), points exist where the flow stag
nates (ux5uy50). The first stagnation point occurs atx50. The
second stagnation point occurs downstream of the recircula
eddy and is the site where the major spatial gradients have b
reported. The position of the second stagnation point changes
the flow rate, and also changes with time until a steady stat
reached.

Experiments With Endothelial Cells. The described
backward-facing step chamber was used to expose human um
cal cord vein endothelial cells~HUVEC! to shear stress with dif-
ferent ramp times in order to determine the influence of spa
and temporal gradients on cell proliferation. Primary human u
bilical vein endothelial cell~HUVEC! isolation was performed as
previously described@18#. Dulbecco’s modified Eagles’s medium
~DMEM, Irvine Scientific! supplemented with 2 percent hea
treated FBS~Hyclone!, 0.5 U/ml penicillin, and 0.05 mg/ml strep
tomycin, was used as the perfusing medium for all experime
procedures. All flow chambers and accompanying apparatus w
placed in an air curtain incubator and maintained at 37°C throu
out the experiment. Time-matched sham controls~slides mounted
on flow chambers without flow! and static controls~undisturbed
slides in Petri dishes! were performed for all experimental group
All experiments were conducted under sterile conditions. HUV
were grown to confluence on glass slides within three days,
tached to the flow chamber as described above, and then subj
to 4 hours of flow. One of two methods for the onset of flow we
used:~1! sudden onset~the initiation of fully established flow at
Transactions of the ASME
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3.5 ml/s, which corresponds to Re5243, within 200 ms!; or ~2!
ramped onset~a smooth ramped increase in flow from 0 to 3
ml/s within 15 s!. The continuous flow of media through the flo
chamber was maintained with a constant hydrostatic pressure
flow loop apparatus@5#. Immediately following the completion o
each specific flow profile, slides were removed from the fl
chamber to be assayed for HUVEC proliferation as follows.

Proliferating HUVEC were identified by using a commercia
availablein situ monoclonal antibody kit for the detection of bro
modeoxyuridine~BrdU! incorporation into cellular DNA during
DNA synthesis~Boehringer Mannheim cat# 1296-736!. Immedi-
ately after exposure to flow, slides were quickly removed from
chamber and incubated at 37°C in M199-BrdU~10 mmol/l BrdU!
for 22 hours. Slides were fixed in 70 percent ethanol~in 50 mM
glycine buffer, pH 2.0!, and immuno-stained for BrdU incorpora
tion. BrdU positive cells were visualized under a fluorescen
microscope ~Nikon Diaphot TMD!. Proliferating cells were
counted by eye within adjacent 403high-power fields of view
~HPF! along the centerline of each slide. Each HPF was divid
into 1.1 mm sections extending 20.2 mm downstream from
expansion point. All reported values ofn refer to the number of
separate experiments from multiple primary HUVEC cultur
The results are presented as average6SEM. For the data of each
individual HPF the Kolmogorov–Smirnov test was used to ver
that the distribution was Gaussian, and thet-test was performed to
check for statistical significance~level of significance atp,0.05!
of the difference between the sudden-onset proliferation rates
the ramped-onset proliferation rates.

Results

Validation of the Model. For the given geometry~H
50.79 mm, S50.56 mm, w521 mm, L5H2S50.23 mm! and
Re5243, the steady-state flow was calculated for grid sizes
70314, 150328, 300350, 6003100, and 12003200 pixels. Fig-
ure 2 shows the highest shear stress found in the recircula
zone and in the forward reattachment zone in dependency o
grid size. Between the last two grid sizes analyzed, there was
than 3 percent difference. For all further simulations, a grid
6003100 was selected since a higher resolution did not result
relevant change of the flow and shear values. Based on this
setting, the suitability of the chosen discrete time steps~Eq. ~4!!
was verified by performing a ramped-flow simulation witht ramp
5200 ms. The maximum shear stress in the recirculation zone
the position of the second stagnation point were compared fok
50.9,0.8, . . . ,0.2. It can be seen in Fig. 2 that no significa
change of both values occurs fork<0.6. For all further experi-
ments,k50.5 was chosen. The discrete time steps computed
ing Eq. ~4! were 32ms ~at the beginning of the simulation! to 11
ms ~at t.t ramp5200 ms!.

Development of the Recirculating Flow. Due to inertia ef-
fects, tubing elasticity, and mechanical properties of the valve,
inflow velocity will increase in a monotonous, but not necessa
linear, fashion over a short period of time and then remain c
stant. In the video visualizations, this time was found to be 2
ms. In the model, the flow increase during the onset time w
assumed to be linear. Figure 3 shows the simulated developm
of the flow in the flow chamber at various times. It can be se
that the development continues for about 100 ms after the infl
velocity reached its final value of 3.5 ml/s. The precise tempo
behavior can be seen in Fig. 4, where the position of the sec
stagnation point is plotted over the elapsed simulation time.
wall shear stress at the bottom plate of the flow chamber
changes with time. Using Eq.~5!, the wall shear stresst(x, t) was
computed as a function of a location and time. For the ramp t
of 200 ms, this three-dimensional graph is shown in Fig. 5,
partial temporal derivative]t(x, t)/]t in Fig. 6, and its partial
spatial derivative in Fig. 7. In Fig. 5, the development of t
recirculation eddy can be recognized as the development of
Journal of Biomechanical Engineering
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ridge. In panelB of Fig. 5, this corresponds to the development
the yellow/red zone~forward-directed flow! and the blue zone
~recirculating flow! when going from the left to the right, i.e.
advancing in time. The thin green zone~white arrow in Fig. 5!
between the red and the blue area is the temporal developme
the second stagnation point and corresponds to Fig. 4. Figu
shows the temporal derivative of the function in Fig. 5. As t
system reaches a steady state, the temporal derivative van
~right side of the graphs!. It can also be seen that during the ons
phase, significant temporal gradients of shear stress also o
downstream of the second stagnation point~yellow zone above
X/S58!. Likewise, Fig. 7 shows the partial derivative of the wa
shear stress towardsx. The highest spatial gradients can be o
served close to the second stagnation point.

The magnitude of the temporal gradient strongly depends
the ramp time. The above-described simulation was performed
ramp times of 50, 100, 200, 500 ms, and for 1, 2, and 15 seco
The resulting maximum temporal gradient that occurs within
recirculation zone is graphed in Fig. 8. A hyperbolical decay fu
tion, Eq. ~8!, can be fitted to the data points.

ṫmax5A•
1

t ramp
B (8)

In Eq. ~8!, ṫmax is the predicted maximum value of the tempor
shear stress gradient,t ramp is the ramp time, and the constantA

Fig. 2 Upper panel: Calculated changes of the highest shear
stress values with increasing grid size. Resolutions of 70 Ã14,
150Ã28, 300Ã50, 600Ã100, and 1200Ã200 grid nodes were
chosen, and the steady-state flow at Re Ä243 computed. There
is no significant change „less than 3 percent … between the two
largest grid sizes. Lower panel: Different time step sizes „pa-
rameter k in Eq. „4…… were used to verify the convergence of the
discretization of the momentum equation. No significant
changes were observed for kÏ0.6.
OCTOBER 2001, Vol. 123 Õ 457
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Fig. 3 Streamlines of the developing flow in the flow chamber during a simulated 200 ms
linear onset phase of the inflow velocity. After 200 ms, the inflow velocity reaches its final
values of 3.5 ml Õs. A steady state is reached approximately 300 ms after the initial onset of flow.
During the final 100 ms, the recirculation eddy keeps developing, although the flow rate is
constant.
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was determined from the empirical data by nonlinear regress
The constants were found asA5221.5 andB51.15 with a regres-
sion coefficient ofR250.999. Due to the empirical nature of th
curve fit, units forA are not given. In a similar way, the depen
dency of the maximum spatial gradients on the ramp time w
computed and is shown in Fig. 9. It was found that an exponen
decay showed a markedly better approximation of the data po
than the hyperbolical curve fit used for the temporal gradien
Thus, the maximum spatial gradient (tmax8 ) as a function of the
ramp time t ramp was empirically approximated according to E
~9!:

tmax8 5s• expS 2
t ramp

Kt
D1P (9)

The constants are s542.7 kPa/m, Kt58.6 ms, and P
540.11 kPa/m with a regression coefficient ofR250.995. While
the temporal gradients vanish witht ramp→`, the maximum spatial
gradients approach the finite limitP. Furthermore, the spatial gra
dients during sudden onset of flow (t ramp5200 ms) are about 25

Fig. 4 Development of the recirculation eddy in dependency
of time. The Reynolds number is ramped linearly over 200 ms
„dashed line …. After 200 ms, when the inflow velocity is kept
constant, the recirculation zone keeps increasing in size. At
300 ms, the position of the second stagnation point lies within
2 percent of its steady-state value, XÕSÄ8.6, which corre-
sponds to 4.8 mm downstream of the expansion site.
, OCTOBER 2001
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percent higher than in the slowly ramped case (t ramp515 s), while
the temporal gradients differ by a factor of 300 when original d
points are used~488 Pa/s fort ramp5200 ms and 1.66 Pa/s fo
(t ramp515 s) or a factor of 145 when the curve fit~Eq. ~8!! is
being used.

To determine the influence of the step geometry on the shap
the functiont(x, t), the maximum shear stress in the recirculati
zone was determined in dependency of the expansion ratio at
stant Reynolds numbers. Figure 10 shows the ratio of maxim
shear stress to outflow shear stress for expansion ratios of
1:2.27, 1:2.94, 1:3.33, and 1:3.58. An almost linear relations
between the data pairs was observed, which indicates that a h
expansion ratio amplifies the shear stress in the recirculation z
over the shear stress in the region of fully reattached flow.

Effect of Ramped Versus Sudden Onset of Flow in SEFC on
HUVEC Proliferation. Figure 11 shows photomicrographs o
two representative HUVEC monolayers after 4 hours’ exposur
recirculating flow with sudden onset~200 ms! and ramped onse
~15 s! of flow, respectively. Each white dot represents a prolif
ating cell~BrdU positive nucleus!. The higher density of prolifer-
ating cells in the top panel can clearly be seen. Also, the densit
proliferating cells is higher close to the second stagnation p
where the highest shear stress gradients occur. While both
populations were exposed to the same steady-state flow situa
the top panel was experiencing higher temporal gradients of s
stress, especially close to the second stagnation point. This
gests that the temporal gradients stimulate cell proliferation. T
proliferation rate of cells exposed to high temporal gradientsn
512) and the proliferation rate of cells under slowly ramped flo
conditions (n58) in each contiguous HPF can be seen in Fig.
Also shown is the calculated total~time-integrated! exposure of
the cells to temporal changes of fluid flow~Eq. ~10!!.

t total~x!5E
0

`U]t~x, t !

]t Udt (10)

The increased proliferation rate under a sudden onset of flow
statistically significant in the HPF range from 2.2 to 7.7 mm. Th
range coincides with the downstream area where the highes
posure to temporal gradients of shear stress was calculated.
Transactions of the ASME
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Discussion
Increased endothelial turnover in regions of recirculating flo

has long been implicated in the early process of atherogen
@7,8,19#. The anatomically localized patterns of the earliest lesio
of atherosclerosis strongly suggest that complex in vivo flow ch
acteristics such as flow separation, recirculation, and reatta
ment, oscillations in shear stress, and large spatial gradients
directly contribute to the initiation of focal atherogenesis@2,3#.
With the development of the backward-facing step flow cham
model that simulates in vivo spatial patterns of flow separati
recirculation, and reattachment@8,14#, a number of investigators

Fig. 5 Graphs of the bottom plate shear stress as a function of
location and time, t„x ,t …. The same function is shown as a
three-dimensional graph „A… and a false-color contour plot „B…

with yellow and red colors indicating the forward shear stress
after the second stagnation point and blue colors indicating the
recirculation zone. The final position of the second stagnation
point is indicated by the white arrow. The onset phase of flow
can easily be recognized by the rise of shear stress and the
movement of the second stagnation point: Moving forward in
time is equivalent to moving to the right. The sudden-
expansion site is represented by the lower edge of the right
graph or the right edge moving towards the right background
in the left graph. The flow direction is indicated by black ar-
rows. †Subscribers to the J OURNAL OF BIOMECHANICAL ENGINEERING

may access Figs. 5 „B…, 6„B…, and 7 „B… in color on-line at http: ÕÕ
ojps.aip.org ÕASMEJournals ÕBiomechanical. ‡
Journal of Biomechanical Engineering
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have experimentally demonstrated the pro-atherosclerotic effec
flow recirculation on endothelial cells@8,14,20,21#. Despite stud-
ies that link pro-mitogenic MAPkinase activation, and PDGF
and MCP-1 gene induction, to temporal gradients in shear st
@11,12#, to date, the induction of these atherogenic phenotypes
been attributed primarily to spatial gradients of shear stress.
The same sites that exhibit disturbed flow patterns, such as
carotid bifurcation or blood vessels with stenosis, also expose
endothelium to temporal gradients due to changing flow rates o
the cardiac cycle@10,22#. Measuring maximum slopes in pub
lished graphs oft(t) yields values of 23 Pa/s@22# to 42 Pa/s@10#
for the outer wall of the bifurcation and 86 Pa/s@10# for the inner
wall. In the abdominal aorta, values between 50 and 80 Pa/s w
obtained@23#. The SEFC geometry used in this study does n
simulate physiological conditions. The geometry of the SEFC w
designed to amplify temporal and spatial flow patterns within
region of recirculating flow. As employed in this study, the SEF
was used to differentiate and mathematically model the temp
gradients in shear from that of spatial gradients. In contrast to

Fig. 6 Temporal partial derivative of the function shown in Fig.
5. As in Fig. 5, the same data are presented as a three-
dimensional graph and a two-dimensional false-color contour
plot. The graphs show that the highest temporal gradient of the
shear stress occurs at the time the ramping ends. The system
then reaches a steady state after approximately 300 to 350 ms,
after which the temporal gradient remains zero. The zone ex-
posed to the highest temporal gradients is located slightly up-
stream of the second stagnation point.
OCTOBER 2001, Vol. 123 Õ 459
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vivo conditions, the cells were not subjected to shear stress p
to the experiment. Although preconditioning of cells to she
stress may be considered more physiological@24#, most studies
analyzing shear stress patterns do not apply shear stress pri
the experiment, and there is no evidence that the response o
cells would be qualitatively different for the purpose of compari
the effects of temporal and spatial gradients.

In recirculation zones, sites of low mean flow, high spatial g
dients, and high temporal gradients coincide. The establis
model for disturbed arterial flow, the backward-facing step cha
ber, also superimposes these three putative stimuli. Since p
ously the characteristics of the spatial gradients have been ex
sively reported upon@7,8,14,16#, this study analyzes the tempora
dynamics of shear stress in the model. In order to obtain a c
response of the cells, both temporal and spatial gradients w
chosen to be relatively high. Given the nature of the shear st
profile, however, a broad range of shear stress values is cov

Fig. 7 Spatial partial derivative of the function shown in Fig. 5.
As in Fig. 5, the same data are presented as a three-
dimensional graph and a two-dimensional false-color contour
plot. It can be seen that the zone with the highest spatial gra-
dients matches the second stagnation point. At the end of the
ramping period, a maximum spatial gradient can be observed
that is slightly higher than the steady-state gradient. As op-
posed to the temporal gradients, the spatial gradients do not
vanish when the system reaches equilibrium.
460 Õ Vol. 123, OCTOBER 2001
rior
ar

or to
f the
g

a-
hed
m-
evi-
ten-
l

lear
ere
ess
ered

depending on the position of the cells downstream from the s
den expansion point. In the region fromx56.6 to 7.7 mm, sig-
nificantly higher cell proliferation rates were observed fort ramp
5200 ms ~35.5 Pa/s! than in the slowly ramped case,t ramp
515 s. Similarly, the recirculating flow pattern also subject
cells to a large range of spatial gradients~0–40 kPa/m in the case
of ramped flow!, which included levels that have been measur
in vivo @25#. In ramp flow, this entire range of spatial gradien
failed to stimulate proliferation.

Consistent with previous studies of endothelial proliferation
regions of recirculating flow@8,14,26#, a sudden onset of flow in
the backward-facing step model lead to a significant stimulat
of endothelial cell proliferation in a region close to the seco
stagnation point~Fig. 11!. As Fig. 12 shows, the increased prolif
eration rate at sudden onset of flow relative to the proliferat

Fig. 8 The maximum temporal gradient of shear stress as a
function of the ramp time. The data points were computed for
the discrete ramp times 50, 100, 200, 500 ms and 1, 2, and 15 s.
Due to scaling reasons, the 15 s data point is not shown. A
nonlinear curve fit shows that the data points are well repre-
sented by the function ṫmaxÄA"tramp

ÀB with AÄ221.5 and BÄ1.15
„R2Ä0.999…. With t ramp\` the temporal gradient ṫ vanishes.

Fig. 9 The maximum spatial gradient of shear stress as a
function of the ramp time. The data points were computed for
the same discrete ramp times as in Fig. 8. A good fit can be
achieved with an exponential decay function, tmax8
Äs"exp „Àtramp ÕK t…¿P with the constants sÄ42.7 kPaÕm, K t
Ä8.6 ms, and PÄ40.11 kPaÕm and a regression coefficient of
RÄ0.996. As opposed to temporal gradients of shear stress,
spatial gradients do not vanish with slow ramping times, but
rather approach a lower boundary. Also, the increase of spatial
gradients with shorter ramp times is by orders of magnitude
less pronounced than in the case of temporal gradients.
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rate at ramped onset match the spatial distribution of exposur
temporal shear stress gradients. In our experiments, we calcu
maximum spatial gradients of 39 kPa/m for the ramped onset
48 kPa/m for the sudden onset. The higher value in the sudd
onset experiment persists only for a short time att't ramp. Thus,
the difference is approximately 23 percent. In other studies,
activation has been reported at spatial gradient values of less
7 kPa/m@7,8#. It is therefore conceivable that the stimulus of 4
kPa/m and more saturates the mechanism and the 23 percen
ference may be considered minor. On the other hand, the hig
temporal gradient is about 300 times higher in the sudden-o
case than in the slowly ramped case. Although the duration of
exposure to temporal gradients of shear stress is very sho
comparison to the total duration of flow exposure, our resu
suggest that it has a strong and localized stimulatory effect
endothelial proliferation. In support of the observation of a mit
genic effect of temporal gradients, Bao and co-workers@11# have
shown that temporal changes as short as 3 seconds can stim

Fig. 10 Dependency of the maximum shear stress in the recir-
culation zone „h… and the forward reattachment zone „l… on
the expansion ratio. A high expansion ratio leads to an ampli-
fication of the maxima relative to the outflow shear stress.

Fig. 11 Immunofluorescent micrographs of BrdU positive nu-
clei after 4 h exposure to recirculating flow in the backward-
facing step chamber. Shown is a representative example from a
paired set of HUVEC slides with cells exposed to a sudden
onset of flow in the upper panel, and cells exposed to ramped
flow „15 s… below. Each micrograph is a photo-construct that
comprises three contiguous HPF. Micrographs span the region
of flow recirculation and reattachment „2.2 mm to 9.0 mm
downstream from the expansion site …. The white dots represent
BrdU positive proliferating nuclei. The scaling bar equals 1.1
mm, and the arrow indicates the position of the second stag-
nation point.
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increasing and sustained expression of several pro-mitogenic
tors four hours after initial exposure to a short impulse of flow.
more extensive study was targeted directly at the cellular respo
to defined and isolated spatial and temporal gradients of sh
stress@27#. In a backward-facing step chamber, a sudden onse
flow stimulated endothelial cell proliferation twofold compared
a ramped onset of flow. In a parallel-plate flow chamber, a sin
500 ms impulse of shear stress~1 Pa! led to 50 percent higher cell
proliferation than both sham control and cells exposed to slow
ramped flow. These results demonstrate that endothelial cells
sensitive to very short transient stimulation events, while the a
sence of temporal gradients fail to stimulate proliferation, even
high spatial gradients are present.

The fact that the recirculation zone in a backward-facing st
flow chamber does not develop instantaneously with an instan
neous onset of flow but needs a sub-second time to reach a st
state from the initial conditionu(x, y)50 for all x, y within the

Fig. 12 Cell exposure to temporal gradients compared to cell
proliferation rate. Shown is the cell proliferation of cells ex-
posed to shear stress at sudden onset of flow „200 ms, – m–…
relative to the proliferation rate for ramped „15 s… onset of flow
„–j–… †27‡, lower panel. The difference between cell prolifera-
tion rates with sudden and ramped onset of flow are statisti-
cally significant within the fields of view from 2.25 to 7.88 mm
„shaded area …. The total exposure of the cells to temporal shear
stress gradients is shown in the middle panel for sudden onset
of flow „solid line … versus ramped onset of flow „dashed line ….
Similarly, the maximum exposure of the cells to spatial gradi-
ents is shown in the upper panel for both flow conditions.
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flow domain was reported by Durst and Pereira@15#. In this study,
the same established algorithms@15,28# have been employed to
simulate variable onset phases of flow numerically in a backwa
facing step flow chamber and to obtain quantitative values of
shear stresses and the temporal gradients thereof that the ce
exposed to. To understand better the influence of spatial and
poral gradients of shear stress, the characterization of the tem
behavior of fluid flow in the backward-facing step flow chamber
of fundamental importance. Flow conditions likely to be found
experimental apparatus were simulated, as determined by
visualization. The Reynolds numbers used were close to th
occurring in major arteries@29#. In the model, flow onset was
assumed to follow a linear increase from a very low flow rate
its final flow rate within a variable ramp time. By varying th
ramp time, the exposure of the cells to temporal gradients ca
modulated. Figure 8 shows the dependency of the highest tem
ral shear stress gradient on the time of flow onset. Empiricall
hyperbolical relationshipṫ}t ramp

2B was calculated by nonlinear re
gression. This relationship is provided as a quick means to de
mine the maximum temporal gradients occurring at a specific fl
condition. However, this empirical relationship has a tendency
overestimate the magnitude of the temporal gradient at high r
times and should therefore only be used as a rough estimate.
tial gradients of shear stress also exhibit a dynamic behavio
transient maximum of the spatial gradient can be observed a
end of the ramping period~Fig. 7!, where the height depends o
the ramp time. While the two cases presented here~sudden onset,
200 ms, 488 Pa/s, and slowly ramped onset, 15 s, 1.66 Pa/s! differ
by a factor of 300 in the magnitude of temporal gradients, ther
merely 23 percent difference in spatial gradients. Furtherm
spatial gradients do not vanish with long ramp times. Cong
ously, very long ramp times lead to negligible temporal gradie
while spatial gradients persist. Thus, the backward-facing s
flow chamber allows the exposure to spatial gradients alone, o
a combination of temporal and spatial gradients. A parallel-p
flow chamber@18# with its undisturbed flow regime does not ge
erate spatial gradients~with the exception of a short entranc
length of 0.2 mm@18#!. Thus, cells sheared in a parallel-plate flo
chamber will be exposed to temporal gradients alone. The s
applies to the outflow region far downstream from the expans
site ~in the presented case,X/S.30! in a sudden-expansion flow
chamber.

Under the assumption of a 200 ms onset phase, the time fo
to correspond to the sudden onset of flow in the experime
apparatus, the temporal gradient in the region of fully
established flow is 5.6 Pa/s as opposed to approximately 330
in the forward reattachment zone and 490 Pa/s in the recircula
zone~Fig. 10!. The geometry of the backward-facing step leads
a local amplification of the shear stress in small zones upstr
and downstream of the second stagnation point. For the fl
chamber described by Chiu et al.@7#, the expansion ratio was 1:2
which generates a very moderate local amplification in the re
culation zone. The flow chamber described by Truskey et al.@14#
with its expansion ratio of 1:2.37 shows a significantly high
local amplification: Maximum shear stress in the recirculat
zone is about three times higher than the outflow shear stress
geometry of the backward-facing step flow chamber used in
study had an expansion ratio of 1:3.4, which led to a local am
fication ratio of more than 8, leading to very high temporal a
spatial gradients of shear stress. The physiological relevance
ies from arterial bifurcations to stenoses, where diameter red
tions of up to 70 percent~expansion ratio 1:3.3! can occur@7,29–
31#. The results presented in this study allow an estimate of
shear stress properties the cells will be exposed to under a g
geometry and flow rate.

In summary, we have shown that in a backward-facing s
flow chamber, cells are exposed to both temporal and spatial
dients of shear stress. Depending on the flow onset time~ramp
time!, the temporal gradients cause a significant mitogenic
462 Õ Vol. 123, OCTOBER 2001
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sites of disturbed flow in the vascular endothelium.
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Nomenclature

A 5 constant~curve fit!
B 5 constant~curve fit!
F 5 tentative flow fieldF(x, y) used in the numerical

scheme
g 5 body forces
H 5 channel height, particularly for a parallel-plate flow

chamber
Kt 5 constant~curve fit!
L 5 inflow channel height
t 5 time

t ramp 5 ramp time, time over which the flow velocity is lin-
early increased before reaching a constant level

P 5 constant~curve fit!
p 5 pressure fieldp(x, y)
Q 5 average flow rate

Qmax 5 maximum average flow rate which is held constant
t.t ramp

Re 5 Reynolds number
S 5 step height
s 5 constant~curve fit!
u 5 velocity field u(x, y) comprising the componentsux

anduy
u` 5 average medium velocity at inflow
w 5 channel depth~extension perpendicular to bothx and

y!
x 5 coordinate axis, distance from the sudden-expansio

point
y 5 coordinate axis
m 5 dynamic viscosity of the medium
r 5 density of the medium
t 5 shear stress~general!

tw 5 wall shear stress for Poiseuille flow
t` 5 wall shear stress in the reattached region, sufficien

downstream from the second stagnation point
ṫ 5 temporal gradient of shear stress, partial derivative

t with respect to time
t8 5 spatial gradient of shear stress, partial derivative oft

with respect to the distance from the sudden-
expansion pointx

k 5 factor used in the computation of the discrete time
steps

Appendix
The algorithm used for the time-dependent numerical simu

tions has been described in@28#. In this algorithm, the momentum
equation is discretized in time using the Euler method, wh
results in:

u~n11!5u~n!1dtF 1

Re
Du~n!2~u~n! grad!u~n!2gradp~n!1gG

(11)

The time-stepping loop comprises the following steps:

1 Setup of the geometry-dependent boundary conditions.
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2 Initialize the velocity fieldu5(ux ,uy) and the pressure field
p. In this study, a steady-state result from a previous ca
lation with the same geometry and Re510 was used.

3 Repeat steps 4 to 8 fromt50 to tend,
4 Calculate a newdt that satisfies the stability condition~4!.

Also, calculate the new Reynolds number for the given ti
if the flow is to be ramped.

5 Calculate a tentative velocity fieldF5(Fx ,Fy) using
Eq. ~12!, which is independent of the pressure:

F~n!5u~n!1dtF 1

Re
Du2~u¹!u1gG (12)

6 For the tentative velocity, iteratively solve the Poiss
Eq. ~13! using the Gauss–Seidel method with success
overrelaxation:

Dp~n!5
1

dt
¹F~n! (13)

7 Calculate the final velocity field by adding the pressure te
to the tentative velocity according to Eq.~14!:

u~n11!5F~n!1dt gradp~n! (14)
8 Adjust the boundary conditions for pressure and velocity

reflect no-slip-conditions on the walls and]ux /]x50 at the
outflow. Calculate the bottom plate shear stress using
~15!:

t~x,t!5m
]ux~x,t!

]y U
y50

(15)
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