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Abstract Endothelial shear stress (ESS) dynamics are a
major determinant of atherosclerosis development. The
frequently used Poiseuille method to estimate ESS
dynamics has important limitations. Therefore, we inves-
tigated whether Womersley flow may provide a better
alternative for estimation of ESS while requiring equally
simple hemodynamic parameters. Common carotid blood
flow, centerline velocity, lumen diameter and mean wall
thickness (MWT) were measured with 3T-MRI in 45
subjects at three different occasions. Mean ESS and two
measures of pulsatility [shear pulsatility index (SPI) and
oscillatory shear index (OSI)] were estimated based on
Poiseuille and Womersley flow and compared to the more
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complex velocity gradient modelling method. The associ-
ation between ESS and MWT was tested with multiple
linear regression analysis; interscan reproducibility was
assessed using intraclass correlation coefficients (ICC).
Mean ESS and pulsatility indices based on Womersley flow
(BESSyq B = —0.18, P = 0.04; SPI,q B = 0.24, P = 0.02;
OSlq B = 0.18, P = 0.045), showed equally good corre-
lations with carotid MWT as the velocity gradient method
(ESS,y p = —0.23, P = 0.01; SPL,, B = 0.21, P = 0.02;
OSI,, B =0.07, P=047). This in contrast to the
Poiseuille flow method that only showed a good correlation
for mean ESS (ESS,, B = —0.18, P =0.04; SPIL,
B=0.14, P=0.14; OSI,qy B =0.04, P =0.69). Wo-
mersley and Poiseuille methods had high intraclass corre-
lation coefficients indicating good interscan reproducibility
(both ICC = 0.84, 95 % confidence interval 0.75-0.90).
Estimation of ESS dynamics based on Womersley flow
modelling is superior to Poiseuille flow modelling and has
good interscan reproducibility.

Keywords Endothelial shear stress - Cardiovascular
magnetic resonance - Common carotid artery - Intima
media thickness

Abbreviations
3T-MRI 3.0 Tesla magnetic resonance imaging

ESR Endothelial shear rate

ESS Endothelial shear stress

ICC Intraclass correlation coefficient
LA Lumen area

MWT Mean wall thickness

OSI Oscillatory shear index

Q Blood flow rate

SPI Shear pulsatility index

v Centerline velocity
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Introduction

Endothelial shear stress (ESS) is the hemodynamic force
that flowing blood exerts on the vessel wall [1]. This force
is continuously sensed by mechanoreceptors that are
attached to the cytoskeleton of endothelial cells [2]. Pro-
cesses involved in endothelial cell turnover, inflammation,
coagulation, extracellular matrix degradation, and produc-
tion of vasoactive substances such as nitric oxide are all
tightly regulated by ESS [1-4]. In vitro and animal studies
showed that protracted decrease in ESS and high variation
of ESS during the cardiac cycle cause endothelial receptor
and gene expression to switch to an atherogenic phenotype
[1-4]. Vascular imaging studies corroborate these findings,
showing a causal relationship between ESS and athero-
sclerosis development [5-8].

Assessing ESS in vivo is technically challenging, which
is the reason why human studies on ESS remain scarce, and
are typical performed in small sample sizes. Various
methods are used, including computational fluid dynamics,
velocity gradient modelling, and methods assuming
Poiseuille flow [9]. Computational fluid dynamics can
solve the Navier—Stokes equations of fluid flow [9], while
velocity gradient modelling is based on the spatial gradient
of the velocities close to the artery wall using second-order
curve fitting of the velocity profile [5, 9, 10]. Although
accurate methods, their downsides pertain to the fact that
high resolution information is needed on the local velocity
vector throughout the cycle, respectively as boundary
condition for the Navier—Stokes equations and as base for
the accurate fitting of the velocity gradient perpendicular to
the wall. Obtaining such data is labor intensive and dedi-
cated software is needed for the complex data analysis,
which is not freely available. In contrast, Poiseuille based
methods are simpler as they merely require measurement
of artery diameter and flow rate or centerline velocity
followed by a simple calculation [9]. Estimation of ESS
dynamics are then based on the instantaneous hemody-
namics during the cycle. However, Poiseuille flow requires
among others steady flow in straight rigid tubes. These
conditions are violated in vivo in human arteries, resulting
in deviation from the assumed parabolic velocity profile [9,
11]. Despite the inherent inadequacy of Poiseuille based
methods, the majority of current literature relies on this
approach due to its simplicity and availability [6-8, 12,
13].

Therefore, we investigated whether an equally simple
method based on similar parameters (diameter and flow
rate or centerline velocity) provides a better alternative to
the Poiseuille based method. This method is based on
Womersley flow [14], which in contrast to Poiseuille
covers pulsatile flow components. We compared the
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Womersley method to the Poiseuille based method as well
as to velocity gradient modelling from high resolution
phase contrast (PC)-MRI. We correlated ESS of each
method with carotid artery wall thickness, assuming that
higher correlations are obtained with more accurate ESS
estimations [15]. We also compared reproducibility of each
of the methods. All measurements were performed in the
common carotid arteries by 3T-MRI.

Methods
Subject population

Forty-five subjects (age range 1979 years) were enrolled
prospectively. The population consisted of 30 volunteers
and 15 patients with cardiovascular disease who were
selected from the outpatient clinic of the Department of
Vascular Medicine of the Academic Medical Center,
Amsterdam, The Netherlands. In all subjects repeat 3T-
MRI scans were acquired on three separate occasions,
1-3 weeks apart. All image analyses were done off-line.
Prior to the studies, approval was obtained from the insti-
tutional review board of the Academic Medical Center,
Amsterdam, The Netherlands. All subjects gave written
informed consent.

Image acquisition

Magnetic resonance imaging scans were obtained bilater-
ally on a 3T-MRI scanner (Intera, Philips Medical Systems,
Best, The Netherlands) using a single-element microcoil
(Philips, Hamburg, Germany) with a diameter of 5 cm.
Axial magnetic resonance angiography images were
acquired using a time of flight sequence to localize the left
and right common carotid artery and position the scan
planes perpendicular to the vessel.

For hemodynamic assessments, axial gradient echo
phase-contrast images were acquired with a temporal res-
olution of 17 ms, and temporal interpolation was per-
formed by the scanner software to 60 phases per heartbeat
(retrospective electrocardiography gating). The scan plane
was positioned 27 mm proximal to the carotid flow divider.
Sequence parameters were: slice thickness 3 mm, non-
interpolated pixel size 0.65 x 0.65 mm, field of view
60 x 60 mm, velocity encoding 150 cm s™' (unidirec-
tional), repetition time 8.1 ms, echo time 5 ms, flip angle
10°, number of signal averages 2, total scan time 3—4 min.
Both magnitude images and velocity encoded phase images
were reconstructed.

To assess carotid wall thickness, axial T1-weighted
Turbo Spin Echo image stacks were acquired at end-
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diastole using double inversion recovery black blood
preparation applying active fat suppression (spectral
attenuated inversion recovery technique) as described
previously [5]. Sequence parameters were: slice thickness
3 mm, imaging matrix size 240, field of view of
60 x 60 mm, noninterpolated pixel size 0.25 x 0.25 mm,
echo time 9 ms, repetition time according to the subjects’
heart rate (approximately 900 ms), echo train length 7,
echo train duration 63 ms. All imaging was performed with
cardiac gating.

Image analysis

For assessment of hemodynamic parameters in the carotid
arteries, off-line semi-automated qualitative and quantita-
tive image analysis was performed using software written
in Matlab developed at the Academic Medical Center,
Amsterdam, The Netherlands. The lumen area (LA, mm?)
of all 60 phases per cardiac cycle was assessed by auto-
mated tracing of the lumen-wall boundaries on the gradient
echo images [16]. The velocity at each pixel in the artery
lumen was measured, which enabled the calculation of the
volumetric flow rate (Q, cm® s™!) and centerline velocity
(v, cm s~ ") of each phase in the cardiac cycle. The mea-
sured lumen area, flow rate, and centerline velocity were
used to calculate the Poiseuille and Womersley based
endothelial shear rate (ESR, s_l). The calculations are
shown in the Supplementary Methods. While Poiseuille
and Womersley should predict identical mean ESS, a very
minor difference exists in the data due to taking respec-
tively an actual and a time-averaged diameter for the cal-
culations. For the assessment of ESR based on the velocity
gradient modelling method, we used dedicated software
written in Matlab developed at the Academic Medical
Center, Amsterdam, The Netherlands. We have described
the method in detail previously [5]. Firstly, the lumen area
(LA, mm?) of all 60 phases per cardiac cycle was assessed
as described above. Secondly, for each pixel the shortest
distance to the artery wall was calculated. The lumen-wall
boundaries were projected on the velocity encoded images.
The ESR was assessed by determining the spatial gradient
of the velocities close to the artery wall using second order
curve fitting of the velocity profile. The pixels located from
0.31 to 1.56 mm from the wall were included for the
analysis. The fit was forced to include the position of the
artery wall with a velocity of zero to conform to the zero-
slip condition.

For all methods (Poiseuille, Womersley and velocity
gradient modelling), ESR was multiplied with the blood
viscosity to calculate the ESS throughout the cardiac cycle.
Blood viscosity was assumed to be 3.2 cP [17]. Poiseuille
and Womersley methods were either based on flow rate

(ESSpq, ESSyq) or centerline velocity (ESS,,, ESS,,,).

From these dynamics, we calculated the mean ESS of all
phases in the cardiac cycle as well as the shear pulsatility
index (SPI) and the oscillatory shear index (OSI). SPI was
defined as difference between the maximum and minimum
ESS in the cardiac cycle divided by their sum. The oscil-
latory shear index represents the proportion of shear stress
deviating from its predominant direction during the cardiac
cycle [18].

For the carotid wall thickness quantification, semiauto-
mated image analysis was performed using VesselMass
software (Leiden University Medical Center, Leiden, The
Netherlands). VesselMass performed automated tracing of
the lumen-wall boundaries and the outer wall boundaries.
The software algorithm for boundary detection and ana-
lysis methods are described elsewhere [19, 20].

Statistical analysis

Continuous variables are expressed as means £ standard
deviations (SD). We used multiple linear regression ana-
lysis to assess the association between the ESS values and
MWT with MWT as the response variable and ESS as the
explanatory variable. We determined by stepwise analysis
with backward elimination that age and systolic blood
pressure were the only significant confounders among all
measured cardiovascular risk factors (patient characteris-
tics and biochemistry as listed in Table 1). We therefore
adjusted for these confounders. The agreement between
successive ESS estimations was assessed using intraclass
correlation coefficients (ICC) and the 95 % confidence
intervals of the ICCs. For all statistical analyses Statistical
Package for the Social Sciences version 20.0 for Windows
was used.

Results

Three MRI scans were performed in all 45 subjects. The
population consisted of 20 females and 25 males. Their
characteristics are shown in Table 1. Figure 1 shows two
examples of wall thickness (Fig. la, d), measured peak
systolic flow velocity (color scales in Fig. 1b, c, e, f), and
estimations of peak systolic flow velocity based on
Poiseuille (Fig. 1b, e) and Womersley (Fig. lc, f) with flow
rate as input. As can be seen, both vessels were approxi-
mately circular and measured flow velocity was relatively
axisymmetric in both examples. The Womersley-based
prediction far more closely matched the measured profile
as compared to the Poiseuille-based estimate. The Wo-
mersley but not the Poiseuille model predicted flow
reversal at the wall (OSI > 0), while in these cases the
thicker wall was associated with a larger OSI,,. Average
data for common carotid lumen area, mean wall thickness
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Table 1 Volunteer characteristics, hemodynamics and ESS estimates

(N = 45)

Patient characteristics

Age (years) 48.9 (17.6)

Male gender (n, %) 26 (58)

Body Mass Index (kg mfz) 24 (22-26)

Smokers (n, %) 510

Cardiovascular disease (n, %) 15 (33)
Biochemistry

Total Cholesterol (mmol 171) 4.7 (3.9-5.5)

Low density lipoprotein cholesterol (mmol 1_1) 2.5 (1.9-3.5)

High density lipoprotein cholesterol (mmol 1) 1.6 (0.4)

Triglycerides (mmol Y 0.8 (0.6-1.1)

Fasting glucose (mmol = 5.2 (0.7)
Carotid wall and lumen

Carotid lumen area (mm?) 34.0 (8.4)

Carotid wall thickness (mm) 0.72 (0.23)
Hemodynamic parameters

Heart rate (min~!) 64 (10)

Systolic blood pressure (mmHg) 127 (15)

Diastolic blood pressure (mmHg) 73 (7)

Mean carotid flow (cm® s™1) 6.27 (1.14)

Peak carotid centerline velocity (cm s7h
Velocity gradient modelling

71.14 (14.42)

Mean ESS,, (N m™2) 0.87 (0.25)
SPl, (—) 0.82 (0.12)
OSl, (—) 0.001 (0.004)

Womersley, center line velocity

Mean ESS,,, (N m™?) 0.63 (0.15)
SPL,, (—) 1.67 (0.41)
OSl,, (—) 0.083 (0.055)

Womersley, flow

Mean ESS,q (N m™2) 0.76 (0.19)
SPlLyq (—) 1.30 (0.21)
OSlyq (—) 0.026 (0.021)

Poiseuille, center line velocity

Mean ESS,, (N m™?) 0.63 (0.15)

SPIL,, (—) 0.60 (0.08)

OSI,y (—) 0.000 (0.000)
Poiseuille, flow

Mean ESS,, (N m~?) 0.73 (0.18)

SPIL,, (—) 0.67 (0.08)

OSI,, (—) 0.000 (0.001)

Mean (£ SD) values or median (interquartile range) values for non-
normal distributions for volunteer characteristics, biochemistry,
hemodynamic parameters, and carotid wall and lumen parameters
measured by 3T-MRI (reported previously). ESS is endothelial shear
stress, SPI is shear pulsatility index and OSI is oscillatory shear index
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(MWT, mm), hemodynamic parameters, and ESS param-
eters are shown in Table 1. Mean ESS is by definition
equal when based on Poiseuille or Womersley flow, and
these estimates were comparable to the estimate from
velocity gradient modelling. SPI for the Womersley based
methods was around twice as high as that for the other
methods. The amount of negative shear stress as assessed
with OSI was low for all methods with Womersley based
methods exhibiting the highest values (Table 1). In par-
ticular, the OSI,,, was constantly zero such that its repro-
ducibility and correlation with MWT could not be assessed.
Figure 2 shows the different ESS estimates throughout the
cardiac cycle averaged for all subjects.

Partial regression coefficients between ESS, SPI and
OSI values and MWT, adjusted for the potential con-
founders age and systolic blood pressure, are shown in
Table 2. The mean ESS and SPI of the velocity gradient
modelling and Womersley flow rate based modelling
methods correlated equally well with MWT, while only the
mean ESS of the Poiseuille flow rate based method cor-
related with MWT. The OSI of both Womersley methods
(either based on flow rate or centerline velocity) correlated
with MWT. The Poiseuille centerline velocity based
method did not show any good correlations with MWT.
The interscan variabilities of the different methods are
shown in Table 3. Womersley and Poiseuille based meth-
ods tended to have higher intraclass correlation coefficients
than the velocity gradient modelling methods, indicating
better interscan reproducibility.

Discussion

In the present study we show that for estimation of
dynamic ESS from flow rate or centerline velocity in the
common carotid artery, methods based on Womersley
outperform Poiseuille based methods. Furthermore we
show that flow rate-based methods perform better than
centerline velocity-based methods. We base these conclu-
sions on the correlation of predicted ESS with the mean
wall thickness of the vessel. A third method, based on the
velocity gradient near the wall, also predicted ESS that
correlates with MWT, but this method requires detailed
information on the flow pattern, which is not commonly
available. All methods had good interscan reproducibility.
Our findings implicate that the easily applicable Womers-
ley based method enables better ESS, SPI and OSI esti-
mation in future clinical studies and can replace the
currently frequently used Poiseuille based methods.
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Fig. 1 Two examples of measured mean wall thickness (MWT, a, d)
and peak systolic flow velocity profiles with their Poiseuille- and
Womersley-based estimates. The phase contrast MRI-based velocity
profiles are shown as color-coded image (b, c, e, f). Estimated profiles
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Fig. 2 Common Carotid Endothelial Shear Stress (ESS, N m 2
during the cardiac cycle averaged for all subjects for all estimation
methods (red velocity gradient modelling method, blue Poiseuille
flow modelling based on centerline velocity, interrupted blue
Poiseuille flow modelling based on flow rate, grey Womersley flow
modelling based on centerline velocity, interrupted black Womersley
flow modelling based on flow rate). Per cardiac cycle, 60 image
frames were made where the first frame coincided with the R wave of
electrocardiogram. ESS was quantified for all 60 frames per heartbeat

velocity [cm/s]

are indicated as contour plots. b, e Poiseuille-based with flow rate as
input, ¢, f Womersley-based with flow rate as input. OSI: estimated
oscillatory shear index

Womersley theory is far from new [14, 21]. Yet, it is not
commonly applied for estimation of ESS parameters [22]
with few in vivo applications [23-26], and studies on the
correlation with MWT in the common carotid arteries were
lacking. The fundamental difference between Poiseuille
and Womersley flow is that the latter takes the inertia of
blood into account. This effect of inertia depends on the
flow dynamics and the geometry and is known to be sub-
stantial for common carotid arteries [27]. For the mean
ESS, inertia is not relevant and Poiseuille and Womersley
provide identical estimates.

A low time-averaged ESS is considered to be athero-
genic [3, 6-8, 28-30]. We indeed observed that low mean
ESS, when using the flow rate as input, or based on the
velocity gradient method, correlated with a thicker wall.
We did find differences in estimates for mean ESS between
the methods. In particular, using centerline velocity as
input predicted lower values, which also were no longer
correlated with MWT. This may be caused by more
inherent noise in centerline velocity as compared to the
flow rate, as well as by systematic deviations of the time-
averaged velocity field from an axisymmetric parabolic
profile, towards a flatter profile. For flow rate as input, the

@ Springer



590

Int J Cardiovasc Imaging (2015) 31:585-593

Table 2 Relation between endothelial shear stress and carotid wall

Table 3 Interscan measurement variability of endothelial shear stress

thickness estimations
Beta coefficient 95 % CI P ICC 95 % CI P

Velocity gradient modelling Velocity gradient modelling

Mean ESS,, —0.23 —0.35 to —0.05 0.01 Mean ESS,, 0.78  0.67-0.86 <0.001

SPI,, 0.21 0.06 to 0.66 0.02 SPI,, 0.74  0.61-0.84 <0.001

OSI,, 0.07 —6.64 to 14.23 0.47 OSI,, 0.66 0.51-0.78 <0.001
Womersley, center line velocity Womersley, center line velocity

Mean ESS,,, —0.13 —0.45 to 0.09 0.19 Mean ESS,,, 0.86  0.78-0.92 <0.001

SPLy 0.23 0.02 to 0.23 0.02 SPly 0.62 0.47-0.76 <0.001

OSlyy 0.19 0.03 to 1.41 0.04 OSlyy 0.75 0.62-0.84 <0.001
Womersley, flow Womersley, flow

Mean ESS,,q —0.18 —0.42 to —0.01 0.04 Mean ESS,,q 0.84  0.75-0.90 <0.001

SPLq 0.24 0.04 to 0.47 0.02 SPLq 0.80  0.70-0.88 <0.001

OSIyq 0.18 0.04 to 3.61 0.045 OSIyq 0.73  0.60-0.83 <0.001
Poiseuille, center line velocity Poiseuille, center line velocity

Mean ESS,,, —0.13 —0.45 to 0.09 0.19 Mean ESS,,, 0.86  0.78-0.92 <0.001

SPL,, 0.12 —0.16 to 0.77 0.19 SPL,, 0.66 0.51-0.78 <0.001

OSIL,, - - - OSIL,, - - -
Poiseuille, flow Poiseuille, flow

Mean ESS,, —0.18 —0.42 to —0.01 0.04 Mean ESS,, 0.84  0.75-0.90 <0.001

SPIpq 0.14 —0.12 to 0.81 0.14 SPIq 0.69  0.55-0.80 <0.001

OSIpq 0.04 —373.49 to 556.56 0.69 OSIpq —0.01 —0.16 to 0.18 N.S.

Linear regression analysis to assess the association between endo-
thelial shear stress (ESS) values and mean wall thickness (MWT)
adjusted for age and systolic blood pressure are shown (beta coeffi-
cients and 95 % confidence intervals of the unstandardized coeffi-
cients). SPI is shear pulsatility index, OSI is oscillatory shear index

difference between the Womersley-based prediction and
the velocity gradient method was limited to ~ 13 %. Such
systematic deviation would not affect the relevance for
clinical studies, as demonstrated by the significant corre-
lation of mean ESS with MWT. Taken together, the data
suggest that flow rate should be preferred over centerline
velocity as input for estimation of mean ESS.

Temporal variations in ESS and notably a change in
direction during part of the cycle have strong effects on
endothelial biology towards a pro-atherogenic phenotype
[1, 3, 28, 29]. The more than twofold difference in esti-
mated SPI between Poiseuille and Womersley flow and the
lack of correlation between Poiseuille-based SPI and OSI
estimation and MWT demonstrate the necessity to account
for blood inertia in pulsatility assessment. This is notably
the case in peak systole, where a major deviation from a
parabolic flow profile occurred. The supplementary mate-
rial analysis shows the consistency of flow profiles under
Womersley and Poiseuille.

Importantly, in Womersley flow, phases of negative ESS
can co-exist with continuous forward flow and forward
centerline velocity. In Poiseuille flow, this is not possible.
Indeed, Womersley flow predicted a non-zero OSI in part
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Intraclass correlation coefficients (ICC, 95 % confidence interval) for
all estimation methods are shown. ESS is endothelial shear stress, SPI
is shear pulsatility index and OSI is oscillatory shear index

of the cases, while for Poiseuille flow OSI was zero, in
concordance with the absence of flow reversal in the
studied non-stenotic common carotid arteries. The occur-
rence of a non-zero OSI in the Womersley predictions
depends primarily on the balance of mean flow and the
amplitude of the pulsatile components. Also, the SPI was
defined as this balance. The correlations of the Womersley-
predicted OSI and SPI with MWT strongly suggest that this
balance is clinically relevant. Vascular stiffening and
increased pulse pressure are conditions that would increase
the pulsatile flow components and cause a non-zero OSI. A
high mean flow would reduce the likelihood of a non-zero
OSI. It remains to be established whether the correlation of
low mean flow with thicker walls that we observed is in
fact the consequence of reversal of ESS during the heart
cycle.

A substantial difference remained between Womersley-
based and gradient-based estimates of ESS pulsation.
Extensive work on software phantoms has evaluated the
accuracy and precision of a comparable velocity gradient
technique as a function of scanning and resolution
parameters [31], providing arguments for the accuracy of
this method. However, in the absence of a golden truth in
the current data, there is no straightforward way of
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quantitating accuracy of any of the methods. We suspect
that the bias is also in the gradient method. ESR is defined
as the velocity gradient in an infinitesimal small space
above the endothelial cells. This gradient quickly falls
further away from the endothelium in notably dynamic
flow. The gradient method, having a finite resolution, might
thus underestimate ESS pulsatility and also miss local
reversal of the direction. Womersley provides a continuous
solution for velocity as function of distance from the
endothelium, which under the assumption of no-slip should
give an inherently better estimate of ESS pulsatility. The
Womersley-based and gradient-based SPI correlated
equally well with MWT, indicating that these differences
do not affect the usefulness of either SPI estimate in clin-
ical studies. However, the OSI, which relies on subtle
changes of the flow in the boundary layer, only correlated
with MWT for Womersley-based methods.

Applicability

The current approach uses vascular diameter and either
centerline velocity or flow rate as input, without requirement
for more detailed data on the spatial velocity profile. Tech-
niques that can provide such data include Echo-Doppler
scanning and phase contrast MRI. The ability to estimate
ESS from Echo-Doppler scanning allows implementation as
pseudo-endpoint in large clinical studies. MRI methods
based on direct measurement of local velocity vectors in 3D,
such as 3D PC-MRI, may form a good approach for dedi-
cated studies in complex geometries [32]. Yet, the current
findings suggest that a much simpler implementation of
Womersley-based estimation of shear parameters with con-
sequently much shorter scanning times is a good alternative
strategy in clinical studies on common carotid arteries.

All applied methods had good reproducibility. Repro-
ducibility of the flow-based Womersley estimates for mean
ESS and pulsatility exceeded that of the gradient model-
ling. While flow rate should be preferred over centerline
velocity for mean ESS, for pulsatility (SPI and OSI) cen-
terline velocity also provides a good correlation with MWT
and good reproducibility, supporting the use of ultrasound
or simple MRI protocols for pulsatility quantification.

Limitations of the study

It is clear that the requirements for Womersley flow were
violated to some degree. Recently, Mynard et al. [33] evalu-
ated the consequences of carotid curvature on Poiseuille- and
Womersley-based estimates for mean and peak ESS. In that
study, computational fluid dynamics based on the Navier—
Stokes equations were used as the gold standard. Their results
indicate that even a slight curvature causes substantial bias and
circumferential heterogeneity of these estimates. The effect of

curvature on SPI or OSI was not tested. In the current study,
we did not apply computational fluid dynamics, and it remains
to be established to what extent deviations from a straight tube
influence the pulsatile ESS parameters and their correlation
with MWT. Computational fluid dynamics methods are, apart
from being time-consuming, affected by errors in boundary
conditions and geometry definitions, as well as by assump-
tions on wall rigidity and blood rheology, precluding their
general use in large clinical studies.

In the absence of a gold standard for ESS in large clinical
studies, evidence for usefulness of any ESS method comes
from correlation with wall biology and thickening, and it
seems reasonable to evaluate the accuracy of the ESS esti-
mates from the correlation with MWT. The current correlation
of Womersley-based mean ESS, SPI and OSI with MWT as a
marker for atherosclerotic burden is not necessarily causal;
longitudinal studies on predictive value of shear parameters
for cardiovascular events should allow evaluating their use-
fulness as pseudo-endpoints in clinical studies.

Conclusions

In the present study we developed a reproducible and
accurate Womersley flow based method to estimate the
endothelial shear stress dynamics in the common carotid
arteries. We showed that this method is equally good as the
more complex velocity gradient modelling method and
superior to the simpler Poiseuille flow based method to
estimate ESS. The Womersley based method we present
solely requires the measurement of flow rate or centerline
velocity and carotid artery diameter. This renders the
method applicable for large clinical studies without the
need for complex analyses and computations. While having
its limitations, the Womersley based method should
therefore replace the frequently used Poiseuille based
method, enabling better assessment of the relationship
between ESS, atherosclerosis and cardiovascular disease in
future clinical studies.
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