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ABSTRACT
Background: Endovascular treatment of aortoiliac occlusive disease entails the use of multiple stents to reconstruct the
aortic bifurcation. Different conﬁgurations have been applied and geometric variations exist, as quantiﬁed in previous
work. Other studies concluded that speciﬁc stent geometry seems to affect patency. These variations may affect local
ﬂow patterns, resulting in different wall shear stress (WSS) and oscillating shear index (OSI). The aim of this study was to
compare the effect of different stent conﬁgurations on ﬂow perturbations (recirculation and ﬂuid stasis), WSS, and OSI in
an in vitro setup.
Methods: Three different stent conﬁgurations were deployed in transparent silicone models: bare-metal kissing (BMK)
stents, covered kissing (CK) stents, and the covered endovascular reconstruction of the aortic bifurcation (CERAB)
conﬁguration. Transparent covered stents were created with polyurethane to enable visualization. Models were placed in
a circulation setup under physiologic ﬂow conditions. Time-resolved laser particle image velocimetry techniques were
used to quantify the ﬂow, and WSS and OSI were calculated.
Results: The BMK conﬁguration did not show ﬂow disturbances at the inﬂow section, and WSS values were similar to the
control. An area of persistent low ﬂow was observed throughout the cardiac cycle in the area between the anatomic
bifurcation and neobifurcation. The CK model showed recirculation zones near the inﬂow area of the stents with a
resulting low average WSS value and high OSI. The proximal inﬂow of the CERAB conﬁguration did not show ﬂow disturbances, and WSS values were comparable to control. Near the inﬂow of the limbs, a minor zone of recirculation was
observed without changes in WSS values. Flow, WSS, and OSI on the lateral wall of the proximal iliac artery were undisturbed in all models.
Conclusions: The studied aortoiliac stent conﬁgurations have distinct locations where ﬂow disturbances occur, and these
are related to the radial mismatch. The CERAB conﬁguration is the most unimpaired physiologic reconstruction, whereas
BMK and CK stents have their typical zones of ﬂow recirculation. (J Vasc Surg 2017;66:251-60.)
Clinical Relevance: Aortoiliac occlusive disease involving the aortic bifurcation is treated with kissing stents on a regular
basis. The midterm and long-term results cannot compete with open aortic repair, possibly because of disturbed blood
ﬂow. In response to the varying clinical results, several stent conﬁgurations have been introduced, most of them promoting a more physiologic reconstruction of the aortic bifurcation to ensure undisturbed blood ﬂow. However, the
hemodynamic differences between frequently used aortoiliac stent conﬁgurations have never been quantiﬁed. Insight
into the local hemodynamics expands the knowledge on the interaction between stent geometry and blood ﬂow.
Furthermore, the results complement current clinical results and aid vascular specialists in their choice of stent
conﬁguration.
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Endovascular reconstruction of the aortic bifurcation
using kissing stents is an established procedure for occlusive aortoiliac lesions. Although guidelines still advise
open surgery as the “gold standard” for extensive lesions,
progress is being made in endovascular treatment of
TransAtlantic Inter-Society Consensus C and D lesions.1,2
Endovascular treatment is attractive because of its
minimally invasive nature, high technical success, and
low morbidity and mortality rates.3 Long-term patency
rates, however, still cannot match those of open surgery,
90% at 5 years vs 69% (range, 63%-81%) for the kissing
stent conﬁguration (E.G.J., unpublished data, 2016).
In addition, the complication and mortality rates of
open surgery seem to have reached a plateau level
and do not seem to improve anymore.4 The thrust
toward improved outcome of endovascular techniques
has resulted in several variations using covered stents,
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balloon-expandable stents, or self-expanding stents.5-7 A
number of clinical studies reporting on the results of kissing stents have been published, wherein disturbed ﬂow
due to radial mismatch after stent placement was
associated with stent patency.7-9 Radial mismatch is
deﬁned as the discrepancy between the stented lumen
and the vessel lumen after stent placement. Furthermore, the protrusion of the proximal part of the stents,
creating radial mismatch, in the distal aorta could have
an impact on patency.7,9 Protrusion, however, is often
needed to treat lesions that include the distal part of
the aorta, creating a zone of mismatch between stent
and vessel wall.10,11
Innovations in kissing stent conﬁguration design were
suggested to overcome protrusion-related patency
decrease. A recent development is the covered endovascular reconstruction of the aortic bifurcation (CERAB)
technique that preserves the bifurcation using three
covered stents.12 Initial clinical data are promising, with
1-year primary and secondary patency rates of 87%
and 95%, respectively, in a group of 103 patients with
88% TransAtlantic Inter-Society Consensus II D lesions.13
Previously we showed that the CERAB signiﬁcantly decreases the radial mismatch.14
Recent literature indicated that there is a strong correlation between disturbed blood ﬂow and onset and progression of atherosclerosis, thrombus formation, and
intimal hyperplasia in stented arteries.15 The parameter
of interest in the last is blood ﬂow-induced shear stress
acting on the arterial wall, referred to as wall shear stress
(WSS). In the presence of risk factors for atherosclerosis,
low WSS is associated with local endothelial dysfunction
and development of intimal hyperplasia, whereas high
shear stress is atheroprotective.16 Furthermore, large
oscillations in WSS also correlate with areas of intimal
hyperplasia and progression of atherosclerosis. These
oscillations are captured in the oscillatory shear index
(OSI), highlighting areas of disturbed ﬂow along the
vessel wall.17 The aim of this study was to investigate
the inﬂuence of three frequently used stent conﬁgurations on local ﬂow patterns, WSS, and OSI.

METHODS
Models and stents. In vitro experiments were conducted using four identical aortoiliac bifurcation models.
The production process of the models was previously
described.14 The models are rigid; however, minimal
inﬂuence on ﬂow phenomena is expected, especially
because the vascular system of elderly diseased patients is considered low in compliance. Three stent
conﬁgurations were studied: a bare-metal kissing (BMK)
stent model using two 10-mm self-expanding nitinol
stents (S.M.A.R.T CONTROL; Cordis Corporation, Miami,
Fla); a covered kissing (CK) stent model using two inhouse covered 8-mm balloon-expandable stents; and
a CERAB model using three in-house covered stents,

two 8-mm and one 12-mm balloon-expandable stents.
The conﬁgurations are depicted in Fig 1, and a fourth
model acted as a control. The in-house covered stents
were based on the platform of the Advanta V12 stents
(Atrium Maquet Getinge, Hudson, NH). To create transparent covered stents for the CK and CERAB models,
the bare Advanta V12 stent mesh was coated with a
transparent polyurethane (Tecoﬂex TPU clear; The
Lubrizol Corporation, Wickliffe, Ohio) cover using a dip
coating process.18 Thickness of the polyurethane layer
was judged by visual inspection. This process allowed
the visualization of ﬂow patterns inside the stent
conﬁgurations.
Flow circuit. Models were placed in a ﬂow circuit (as
depicted in the Supplementary Fig, online only) in
which pulsatile ﬂow was generated. Fig 2, A depicts the
waveform used to control the pumps (12V, Kavan, type
0190.121; Kavan GmbH, Nürnberg, Germany), which was
originally described by Lee and Chen.19 Flow sensors
(type UF8B; Cynergy3 Components Ltd, Wimborne,
Dorset, United Kingdom) at the inlet and four outlet
vessels were used to monitor the system and to adjust
the outﬂow. The two iliac vessels were connected to a
single compliance, peripheral resistance, and a single
ﬂow sensor. Studies were carried out under human
resting conditions, using a mean inﬂow of 1.6 L/min and a
heart rate of 60 beats/min. The outﬂow of each vessel
was equally set at 25% of the inﬂow.20 Besides ﬂow, the
pressure was recorded using a guide wire-mounted
pressure sensor (PressureWire Certus; St. Jude Medical,
St. Paul, Minn), placed in the distal part of the aorta
model (Fig 2, B). Each outﬂow vessel was ﬁtted with a
needle valve to set the mean arterial pressure within
physiologic ranges (mean of 690 mm Hg). The distal
compliance vessel was used to set the variation around
the mean pressure (620 mm Hg). The circulating bloodmimicking ﬂuid (BMF) was a mixture of water (47.4%),
glycerol (36.9%), and sodium iodide (15.7%), both to
resolve the refractive index mismatch between the
BMF and the models and to obtain a physiologic liquid
(4.3 cP; density, 1244 kg/m3).21
Flow visualization, particle image velocimetry22.
Rhodamine-coated ﬂuorescent polymethyl methacrylate particles (size, 1-20 mm; density, 1190 kg/m3) were
suspended in the BMF solution. Particle images were
obtained using a pulsed laser sheet (LDY303HE; Litron,
Warwickshire, England) in synchronization with a
high-speed camera (FASTCAM SA-X2; Photron, Tokyo,
Japan), and data were captured at 2000 Hz, resolution
1024  1024 (8 bit/pixel). The camera was positioned at a
90-degree angle to the laser sheet; the laser sheet was
placed in the center of the stented lumen. A region of
interest where the laser entered the model (right side)
was used for analysis because of maximal signal
intensity at the wall, as indicated in Fig 1. For the control
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Fig 1. The three studied stent conﬁgurations as used in the clinical setting. During the ﬂow studies, the white
polytetraﬂuorethylene cover was replaced by transparent polyurethane. The orange, purple, gray, and yellow
lines indicate locations of wall shear stress (WSS) calculations; the yellow dots indicate distance ¼ 0. I, Selfexpanding nitinol bare-metal kissing (BMK) stents. II, Balloon-expandable covered kissing (CK) stents. III,
Covered endovascular reconstruction of the aortic bifurcation (CERAB) conﬁguration, consisting of a body and
two limbs created with balloon-expandable covered stents. The green areas were excluded from analysis
because no ﬂow was observed. The yellow arrows indicate the mean ﬂow direction and direction of the laser
sheet for all conﬁgurations.

and BMK stent conﬁgurations, images were obtained at
the proximal inﬂow and at the neobifurcation, including
the iliac outﬂow. For the CK stent and CERAB conﬁgurations, the anatomic bifurcation was not included
because these areas are excluded by the covered stent
conﬁguration and no ﬂow was observed (as indicated
in Fig 1).
Data processing. Background subtraction was applied
to remove nonmoving, stationary areas. Automatic wall
detection through thresholding was applied to segment
the ﬂow lumen. Thereafter, PIVlab 1.35 was used to process the image pairs using correlation-based analysis
methods.23 Validation was done using thresholding and
a normalized median check.24 For each model and
location, 12 cardiac cycles were obtained and averaged
to obtain 1 averaged cycle per measurement location.
Thereafter, the direction of the ﬂow was calculated for
each vector, based on the mean ﬂow direction. Using a
MATLAB (version 2013a; The MathWorks Inc, Natick, Mass)



jNEG WSSj
script, WSS m vu
and
OSI
vy
jPOS WSSjþ jNEG WSSj values were
calculated along the vessel wall (orange lines in Fig 1).25
NEG WSS and POS WSS indicate the area under the
WSS vs time curve when the WSS is negative and positive, respectively. Therefore, the OSI indicates the WSS
direction with respect to the mean blood ﬂow direction
during the cardiac cycle. The OSI can vary from 0 to 1,

0 meaning no cyclic variation, 1 a continuous 180-degree
change in the WSS direction.
Time points, as indicated in Fig 2, A, for peak systolic velocity (PSV), end-systolic velocity (ESV), and peak diastolic
velocity (PDV), were chosen to compare ﬂow patterns
between the models.

RESULTS
The results of the experimental data are presented in
text per stent; the ﬁgures are grouped per location to
facilitate comparison of the stents. The ﬂow ﬁelds and
WSS values at the bifurcation for the control and
BMK stents are shown in Figs 3 and 4, respectively. The
ﬂow ﬁelds, WSS values, and OSI at the inﬂow of the
control, BMK stents, CK stents, and CERAB are shown
in Figs 5-7, respectively. Fig 8 depicts the WSS values for
inﬂow of the CERAB vs the control.
BMK conﬁguration
BMK proximal. The inﬂow for both BMK stents is undisturbed and oriented forward toward the PSV (Fig 5), very
much resembling the ﬂow features of the control model.
Proximal to the BMK conﬁguration, a double-lobed velocity proﬁle already takes shape. During the ESV time
point, ﬂow reversal occurs, but ﬂow remains undisturbed.
Flow returns to a forward direction during the PDV. WSS
along the proximal wall is comparable between the BMK
conﬁguration and control (Fig 6). However, during ESV,
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starts to recirculate at the apex of the bifurcation (Fig 3,
bottom middle). A fully forward-oriented ﬂow ﬁeld is
restored toward the PDV for both conﬁgurations, again
with a stagnation zone between the neobifurcation
and anatomic bifurcation of the BMK stents. WSS
values along the lateral arterial walls are similar for the
BMK stents and control during PSV (Fig 4). During ESV,
the WSS values for the control model are more negative,
and at peak diastole this effect is not seen anymore. The
OSI shows a clear peak for both the BMK stent and
control at the location of the lateral wall of the bifurcation (0.24 and 0.34, respectively). WSS and OSI values
could not be obtained at the neobifurcation of the
BMK conﬁguration.
BMK iliac. Outﬂow of the BMK conﬁguration is comparable to the control during the three phases of the cardiac cycle. This is also reﬂected in the OSI (0.08 vs 0.10)
and average WSS (0.77 Pa vs 0.84 Pa).

Fig 2. A, Black line, Waveform used to control the pumps.
Red line, Flow waveform obtained with ﬂow sensor at the
inlet of the system. The yellow dots indicate sites used for
analysis. B, Accompanying pressure waveform, obtained at
the aortic bifurcation. ESV, End-systolic velocity; PDV, peak
diastolic velocity; PSV, peak systolic velocity.

the WSS is more negative for the control model
(average, 0.27 Pa). The OSI calculations also show a
relatively low OSI for the BMK conﬁguration with respect
to the control (0.15 vs 0.30; Fig 7).
BMK neobifurcation. The ﬂow direction of the BMK
bifurcation is oriented in a forward direction at PSV. No
recirculation of ﬂow is present; however, two clear ﬂow
lumina are formed (double-peaked velocity proﬁle,
Fig 5). Between the anatomic bifurcation and neobifurcation of the BMK conﬁguration, a stagnation zone
is observed (Fig 3, bottom). Separation zones are present
at the lateral wall of the control model while advancing
toward ESV, inducing reverse ﬂow, gradually expanding
toward the vessel center. At ESV, backward ﬂow is
observed in the complete ﬁeld of view. The BMK
conﬁguration also experiences these ﬂow separations,
but to a lesser extent. The two-lumen ﬂow breaks up and
ﬂow swirls through the stent struts. Furthermore, ﬂow

CK conﬁguration
CK proximal. For the CK conﬁguration, ﬂow is accelerating toward the inﬂow of the CK limb. During PSV
and PDV, the ﬂow is undisturbed and forward oriented.
Toward the ESV point, ﬂow reversal occurs (Fig 5).
CK neobifurcation. Recirculation zones are present at
both vessel walls near the proximal edge of the
mismatch zones of the CK limbs (Fig 5, CK). These recirculation zones get larger toward the PSV. Backﬂow is
observed during deceleration toward the ESV phase,
starting at the wall and growing toward the vessel center.
WSS values for the CK stents are about ﬁve times lower
compared with the control model (time average WSS:
control 0.16 Pa vs CK 0.03 Pa) during the PSV and PDV
(Fig 6). During the ESV point, the WSS values for the
control are mostly negative; values for the CK stents are
again close to zero (average, 0.02 Pa; Fig 6, black line).
The CK conﬁguration exhibits an increasing OSI toward
the inﬂow, indicating large changes between forward
and reverse ﬂow while moving toward the CK inﬂow
(Fig 7, black line). No data are obtained at the anatomic
bifurcation because no blood ﬂow was observed in
this region.
CK iliac. Iliac outﬂow is organized similar to the ﬂow
ﬁelds observed in the control model. However, both
OSI (0.41 vs 0.1) and WSS (0.43 Pa vs 0.84 Pa) differ with
respect to the control.
CERAB conﬁguration
CERAB inﬂow. Comparison of the inﬂow of the CERAB
conﬁguration and the same location for the control
model yielded comparable results. Small differences
occur as the ﬂow velocity increases toward the PSV; ﬂuid
inside the cuff seems to be accelerated toward the limbs.
This effect is not seen toward the bifurcation in the control situation. The ﬂow reversal for the control model is
less prominent in comparison to the CERAB conﬁguration from the PSV toward the ESV (data not shown).
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Fig 3. Peak systolic velocity (PSV), end-systolic velocity (ESV), and peak diastolic velocity (PDV) time points for
the bifurcation site of the bare-metal kissing (BMK) stent (lower) conﬁguration compared with the control
(upper). The dotted pink line indicates the kissing boundaries of the BMK stents.

Fig 4. Wall shear stress (WSS) values along the right lateral wall for the control and bare-metal kissing (BMK)
stent conﬁguration. Distance ¼ 0 is the yellow dot on the purple line in Fig 1.

WSS values are comparable between the control model
and CERAB inﬂow (Fig 8). The OSI values for the CERAB
and control are 0.11 and 0.3, respectively.
CERAB neobifurcation. At the neobifurcation of the
CERAB, where the limbs enter the cuff, a minor zone of
recirculation occurs between the cuff and limb on the
right side only toward the ESV point. During the deceleration toward the ESV, backﬂow is observed, starting at
the wall and growing toward the vessel center (Fig 5,
bottom row). WSS values are similar to the control model
(Fig 6, green line). The OSI values are 0.15 on average. No
data were obtained at the anatomic bifurcation because
this area is excluded from the circulation by the covered
stents.

CERAB iliac. Iliac outﬂow is comparable to the outﬂow
of the control model. This is also reﬂected by the OSI
(0.12 vs 0.10) and WSS (0.77 Pa vs 0.84 Pa) values.

DISCUSSION
In this study, we have demonstrated that the CERAB
conﬁguration is a more physiologic reconstruction of
the aortic bifurcation than CK or BMK conﬁgurations.
Both CK and BMK stents have areas of recirculation
that are related to zones of mismatch. In a previous
study, we already showed that choice of stent geometry
and proper placement of the conﬁguration signiﬁcantly
inﬂuence the radial mismatch.14 The latter is linked
to stent patency with the notion that blood ﬂow
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Fig 5. Peak systolic velocity (PSV), end-systolic velocity (ESV), and peak diastolic velocity (PDV) time points,
proximal to the stent conﬁguration for the bare-metal kissing (BMK) stents, covered kissing (CK) stents, and
covered endovascular reconstruction of the aortic bifurcation (CERAB) compared with the control. Stent mesh
is shown in red.

perturbations inﬂuence thrombus formation (short term)
and vessel wall ingrowth (long term) mediated by WSS
changes.7-9
In comparing the bifurcation of the BMK stent and
control, a ﬂow stagnation was observed between the
anatomic bifurcation and neobifurcation during the

whole cardiac cycle. Furthermore, the velocity proﬁle
over the luminal radius is clearly double lobed
(decreasing central in the lumen) for the BMK conﬁguration, indicating that the stent struts situated central
in the aortic lumen (kissing part of the conﬁguration)
create large drag forces on the ﬂowing blood. Saker et al
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Fig 6. Wall shear stress (WSS) values along the right artery wall proximal to the stent conﬁguration for the baremetal kissing (BMK) stent, covered kissing (CK) stent, and covered endovascular reconstruction of the aortic
bifurcation (CERAB) conﬁguration compared with the control shown for peak systolic velocity (PSV), endsystolic velocity (ESV), and peak diastolic velocity (PDV) time points. Distance ¼ 0 is the yellow dot on the
orange line in Fig 1.

Fig 7. Oscillating shear index (OSI) values along the vessel
wall. Distance ¼ 0 is the yellow dot on the orange line in
Fig 1. BMK, Bare-metal kissing stent; CERAB, covered
endovascular reconstruction of the aortic bifurcation; CK,
covered kissing stent.

pointed out histopathologic ﬁndings of mesenchymal tissue, intimal hyperplasia, and organizing thrombus in this
area and attributed this to stagnant blood ﬂow.8 Our
in vitro results indeed conﬁrm the presence of stagnant
blood ﬂow in this zone of mismatch. Furthermore, during
the ESV time point, recirculation occurs at the site of the
anatomic bifurcation and neobifurcation, increasing the
mass transfer between blood and the vessel wall.26 However, the WSS values for the BMK stent in comparison to
the control along the lateral and medial iliac wall (iliac
data not shown) differ only during the end-systolic period,
indicating that ﬂow stagnation in the mismatch area
might be the largest point of concern for the BMK conﬁguration. WSS and OSI values, unfortunately, could not be
obtained at the zone of recirculation because of stent
porosity. Hence, there is no conﬁning wall, and only shear
rates can be obtained.
It seems well established that geometry, such as curved
vessels and bifurcation sites, is linked to disturbed blood

ﬂow and low mean or low oscillatory WSS values, which
make these locations prone to development of atherosclerosis and restenosis.27 However, a review by Peiffer
et al showed that the low oscillatory shear theory might
be less robust than is commonly assumed.28
Recirculation zones were continuously present at the
inﬂow of the CK conﬁguration, also reﬂected in low
WSS values (time average, 0.025 Pa) proximal to the CK
conﬁguration. Taylor et al and Sughimoto et al presented
values between 0.2 and 0.3 Pa for the same vessel
segment in a healthy aorta.29,30 This is in line with our
control results (mean WSS, 0.16 Pa) and values reported
earlier in the literature.31,32 Furthermore, for the CK
conﬁguration, OSI values increase from 0.2 proximal to
0.9 at the inﬂow, indicating mainly reversely oriented
ﬂow at the mismatch area near the inﬂow during the
cardiac cycle. Low WSS and high OSI are linked to
intimal hyperplasia and might explain the occurrence
of edge stenosis in these conﬁgurations.33 The recirculation observed at the inﬂow of the CK conﬁguration also
increases the residence time and therefore the possibility
for blood substances to exchange with the vessel wall,
facilitating the buildup of fat and inﬂammatory cells.
Clinically, CK stents seem to outperform BMK stents
(92% vs 72% 1-year primary patency rate, respectively),
although results are conﬂicting.6,34,35 In the comparative
study of Sabri et al, stent protrusion of >1 cm was
observed in only 5 of 26 patients treated with a CK
conﬁguration, indicating that mismatch areas were
not numerous.6 The study of Greiner et al indicated
that protrusion of bare-metal stents (both bare-metal
self-expanding and balloon-expandable stents) could
inﬂuence patency.9 In relation to this, our results show
signiﬁcant drag induced by the metal mesh of the
bare-metal stent conﬁguration, possibly causing stasis
of blood, leading to thrombus formation and eventually
stent failure. However, in relation to the results we obtained, it is difﬁcult to say if the presence of a stagnation
zone between the neobifurcation and anatomic bifurcation is of more importance than the geometric
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Fig 8. Wall shear stress (WSS) values along the right artery wall proximal to the stent conﬁguration for the
control and covered endovascular reconstruction of the aortic bifurcation (CERAB) inﬂow shown for peak systolic velocity (PSV), end-systolic velocity (ESV), and peak diastolic velocity (PDV) time points. Distance ¼ 0 is the
yellow dot on the yellow line in Fig 1.

mismatch area seen at the inﬂow of the CK stent,
although our results suggest a higher impact on local
ﬂow dynamics (comparing WSS and OSI) for the CK stents
in comparison to the BMK stents. Moreover, a full explanation cannot be obtained from the present results; possibly
the inﬂuence on an even smaller scale needs to be
assessed and taken into account (ﬂow around the struts).36
A minor zone of recirculation was present in the overlap
of the CERAB body and limbs without affecting WSS.
Previously, we have shown that a proper placement of
the two limbs in the smaller part of the aortic cuff is
essential to reduce mismatch in CERAB. A more cranial
placement in the aortic cuff (ie, in the already ﬂared
part of the cuff) increases mismatch, and this could
affect ﬂow patterns in this section. Proper placement of
the CERAB limbs in the cuff ensures minimal mismatch
areas with minimal ﬂow disturbances as a consequence,
emphasized by the undisturbed WSS values at the inﬂow
of the CERAB conﬁguration. Further studies that take
limb placement with the CERAB into account will need
to be undertaken. In the current study, we used 10-mm
self-expanding BMK stents to create a D shape, as is typically done in clinical practice. The CK conﬁguration, with
8-mm stents, was not ﬂared after placement because
our literature review did not reveal a clear consensus
on ﬂaring. However, ﬂaring could inﬂuence the obtained
results, and a more detailed study is required in the
future.
To date, only one other study presented in vitro results
of ﬂow visualization after stent placement at the aortic
bifurcation.37 The recirculation observed by Fabregues
et al in the vertex of the healthy bifurcation is also
observed in our measurements. They also showed that
recirculation zones occur in the mismatch area between
the distal aorta and proximal stent. However, mockups of
clinically used stents were used, and stents were placed
only unilaterally, something not regularly performed in
clinical practice, and results are reported only qualitatively. Furthermore, to our knowledge, no computational
ﬂuid dynamics (CFD) has been performed to investigate

the matter, and WSS values have not been reported.
In vitro testing of a range of situations and ﬂow parameters would require the construction of new models for
each and every conﬁguration. On the other hand, CFD
simulations offer great application potential. However,
accurate creation of the CFD mesh (including material
properties) and reliable modeling of the ﬂuid-structure
interaction are challenging.
Limitations. In this study, balloon-expandable baremetal stents were not included and no variation in
mismatch area within stent conﬁgurations was taken
into account, limiting the generalization of the results. In
future research, the balloon-expandable bare-metal
stent will be included. In addition, blood ﬂow is not a
two-dimensional phenomenon as ﬂow features also
develop in a three-dimensional manner. The measurement technique currently used does not permit capture
of these three-dimensional features, and this could
potentially inﬂuence the conclusions drawn from the
present data.
The ﬂow setup used here can produce reproducible
inﬂow characteristics, with low variability between
cycles and between measurements. Furthermore, the
measured inﬂow signal was comparable to the theoretically derived signal, apart from a small mismatch at the
diastolic peak, which consistently occurred at a later
time span. This could lead to minor deviations in WSS
values with respect to the theoretical values. The wall
of our model was assumed to be rigid, and the inﬂuence
on ﬂow characteristics was assumed to be modest.38 The
typical vascular system of patients treated with aortoiliac
stents is often heavily calciﬁed and rigid, bringing the
resemblance of the model closer to reality. In calculating
WSS values, accurate wall detection is important. Potters
et al showed that inaccurate wall detection can lead to
systematic errors of up to 40%.39 For optical access, the
CK stents were covered with a transparent polyurethane,
introducing material properties different from the original polytetraﬂuorethylene cover, which could have

Journal of Vascular Surgery

Groot Jebbink et al

259

Volume 66, Number 1

inﬂuenced our WSS results. However, our aim was to
compare stents with and without cover, not to perfectly
mimic the polytetraﬂuorethylene material properties.
The BMF used is a newtonian ﬂuid, whereas blood is a
non-newtonian ﬂuid. However, in large vessels, blood
can be assumed to behave like a newtonian ﬂuid.40 Current experiments are conducted under resting conditions at the lower end at 60 beats/min. For patients
treated with aortoiliac stents, this assumption holds
most of the time; however, exercise conditions do occur,
and it would be interesting to study the local inﬂuence of
a higher heartbeat rate. During exercise, the resistance of
the iliac outﬂow decreases, and less backﬂow is expected
during the end-systolic phase.41 The mismatch areas
that arise after placement of the stents in the models
are subjected to relatively slow and stagnant ﬂows. There
is a possibility, however, that the stagnant volume can
thrombose and ﬁlls up over time, excluding this volume
from the circulation. In vivo, this clearly would be a possibility, thereby limiting the impact of the mismatch
zones.

CONCLUSIONS
The studied aortoiliac stent conﬁgurations have distinct
locations where ﬂow disturbances occur, and these are
related to the radial mismatch. The CERAB conﬁguration
appears to be the most unimpaired physiologic reconstruction, whereas BMK and CK stents have their typical
zones of ﬂow recirculation. In combination with clinical
data, this work can provide the necessary evidence that
the use of the CERAB conﬁguration outperforms the
use of only kissing stents for the reconstruction of the
aortic bifurcation in aortoiliac occlusive disease.
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Supplementary Fig (online only). Flow circuit. The red squares (1, 2, and 3) indicate the measurement zones.
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