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Formation of a ‘neo-carina’ has been reported after bioresorbable vascular scaffolds (BVS) implantation
over side-branches. However, as this ‘neo-carina’ could protrude into the main-branch, its hemodynamic
impact remains unknown. We present two cases of BVS implantation for ostial side-branch lesions, and
investigate the flow patterns at follow-up and their potential impact. Computational fluid dynamics
analysis was performed, using a 3D mesh created by fusion of 3-dimensional angiogram with optical
coherence tomography images. In our first case, mild disturbances were seen when ‘neo-carina’ did not
protrude perpendicularly into the main branch. In the second case, extensive flow re-distribution was
observed due to a more pronounced protrusion of the ‘neo-carina’. Importantly, these areas of hemo-
dynamic disturbance were observed together with lumen narrowing in a non-stenotic vessel segment.
Our case observations highlight the importance of investigating the hemodynamic consequences of BVS
implantation in bifurcation lesions and illustrate a novel method to do so in vivo.

© 2014 Elsevier Ireland Ltd. All rights reserved.
Bioresorbable vascular scaffolds (BVS) are a new treatment for
coronary artery disease associated with a favorable long-term
healing response with complete strut resorption and restoration
of the vascular phenotype [1]. Despite a common misconception
that BVS implantation over side-branches is associated with
eventual disappearance of jailing struts, morphological changes of
side-branch ostia have been reported, with tissue bridge formation
resembling a ‘neo-carina’ [1e3]. ‘Neo-carina’ formation could be an
appealing alternative tometal stents for bifurcation or ostial lesions
[4], where non-apposed side-branch struts have been associated
with incomplete healing and thrombosis [5,6]. However in ostial
lesions, this ‘neo-carina’ may protrude into the main-branch,
potentially influencing the local hemodynamic environment, and
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especially the main branch flow pattern. We present two cases of
BVS implantation for ostial side-branch lesions, and investigate the
patterns of flow distribution at follow-up and their potential
implications.

For all patients and follow-ups, a 3-dimensional angiogramwas
created from two angiographic projections using QAngioXA 3D RE
(Medis Specials bv, Leiden, Netherlands). In the first patient,
selected planes for the 3D angiogram were (1 LAO, 32 Cranial) and
(32 LAO, 29 Cranial), and in the second patient (35 RAO, 37 Cranial)
and (54 LAO, 26 Cranial). Angle measurement was performed in
both cases in the reconstructed 3D angiograms. Computational
fluid dynamics (CFD) analysis was subsequently performed, using a
3D mesh created by fusion of the 3-dimensional angiogram with
the OCT images [7]. For the CFD simulations, blood was modeled as
incompressible Newtonian fluid. The volumetric flow, derived from
TIMI frame count and 3D quantitative coronary angiography, was
used as the boundary condition at the inlet, while outflow (fully-
developed flow) condition was applied at the outlets [8]. Both
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subjects have provided informed consent, and the study complies
with the declaration of Helsinki.

1. Narrow bifurcation angle

A 73-year old gentleman presenting with acute myocardial
infarction received a 2.5 mm � 18 mm BVS at the ostium of a di-
agonal branch (Fig. 1). OCT showed mild protrusion of the proximal
scaffold into the LAD, in the presence of a narrow LAD-diagonal
bifurcation angle (31�). CFD analysis performed without taking
the protruding struts into consideration showed an evenly
distributed flow profile in the mid LAD, with the average flow ve-
locity in the mid LAD being slightly higher than in the diagonal
branch. Follow-up OCT was performed 9 months later in the
context of a research protocol, while the patient was asymptomatic.
OCT showed a good overall healing response and tissue coverage of
the protruding struts, leading to formation of a ‘neo-carina’. CFD
analysis was performed using the 9-month 3D-angiography and
OCT fusion model, demonstrating a slightly changed mid LAD flow
profile compared to baseline, indicating a modest influence of the
‘neo-carina’. Changes included mild flow acceleration near the
center of the lumen and mild deceleration at the region of the
vessel wall located at the back-side of the ‘neo-carina’, co-localizing
with areas of low wall shear stress.

2. Wide bifurcation angle

A 52 year-old gentleman with acute myocardial infarction
received a 2.5 mm � 18 mm BVS at the ostium of the second di-
agonal branch (Fig. 2). The bifurcation angle (60�) waswider than in
the previous case. OCT imaging post-implantation showed, also in
this case, an extensive and perpendicular protrusion of the prox-
imal scaffold segment into the LAD. CFD performed in the 3D mesh
created by fusion of 3D-angiography and OCT without taking pro-
truding struts into consideration demonstrated even distribution of
flow velocities in the two branches. Follow-up OCT was performed
1 year later for a research protocol, while the patient remained
asymptomatic. OCT demonstrated extensive tissue coverage of
these protruding struts, creating themorphological appearance of a
‘neo-carina’. CFD analysis performed using the 12-month fusion
model showed a significantly altered flow profile of the mid LAD.
Specifically, high flow acceleration was observed opposite to the
side-branch ostium [in a relatively narrowed lumen (lumen area:
Fig. 1. AeE. (A) Angiogram, (B) 2D-OCT, (CeD) 3D-OCT images, and (E) computational flui
diagonal branch (LD), scaffold protrusion into the main vessel is observed in cross-sectiona
tribution in the mid left anterior descending artery (LAD). A0eE0 . (A0) Angiogram, (B0) 2D-
rowheads). CFD shows a mild increase of flow velocity in mid LAD opposite to the ‘neo-cari
Shear stress profile at 9-month follow-up. (For interpretation of the references to color in
6.54 mm2) due to the protrusion of the ‘neo-carina’ into the main
vessel], whereas regions of slow flow velocities and re-circulation
were observed at the back-side of the ‘neo-carina’ and associated
with an extensive region of low shear stress at the corresponding
wall segments. Importantly, this altered hemodynamic profile was
observed in conjunction with lesion progression, consisting of
lumen narrowing at the LAD segment distally to the bifurcation.

Contrary to the common misconception that BVS are ideal for
bifurcations as they “eventually disappear”, ‘neo-carina’ formation
has been described in follow-up of BVS overlying side-branches, as
a consequence of tissue coverage and gradual polymer bio-
resorption [1,2]. At initial stages this ‘neo-carina’ is comprised by
struts covered by tissue in front of the side-branch ostium, whereas
at later stages, after complete strut resorption, the ‘neo-carina’
consists of thin tissue bridges, with signal-rich appearance by OCT
[1]. Formation of such ‘neo-carinas’ has been regarded as poten-
tially favorable, compared to the permanent side-branch jailing
from metal stents, considering that the latter has been associated
with delayed healing and risk for thrombosis [6]. Nevertheless, the
physiological significance of these ‘neo-carinas’ has not been
investigated so far.

Our cases demonstrate for the first time, that ‘neo-carina’
development after ostial BVS implantation could have adverse
hemodynamic consequences by acting as flow dividers that alter
the hemodynamics of the main vessel downstream to the bifurca-
tion. Such changes can range widely depending on the extent of
protrusion in the main-branch, which is subject to several factors,
including bifurcation angle, side-branch diameter, and length of
scaffold protrusion. In our cases, both the side-branch diameter and
the length of scaffold protrusion were similar (distal reference
diameter by 3D-QCA: 3.04 mm and 3.06 mm, respectively; length
of protrusion by 2D-OCT: 2.4 mm in both cases), with the bifurca-
tion angle being the main factor differing significantly between
cases. In our first case, mild disturbances were seen when ‘neo-
carina’ did not protrude perpendicularly into the main branch, due
to a narrow bifurcation angle. In the second case, extensive flow re-
distribution regions were observed because of the more perpen-
dicular protrusion of the ‘neo-carina’ as a consequence of a wider
bifurcation angle. Of note, these areas of hemodynamic disturbance
were observed together with lumen narrowing in a non-stenotic
vessel segment, providing pilot observations of a potential impact
of device-induced hemodynamic changes on atherosclerosis pro-
gression. This observation is in accordancewith prospective studies
d dynamics (CFD) analysis post-implantation. After ostial scaffold implantation at the
l and 3D images (white arrowheads), while CFD demonstrates symmetrical flow dis-
OCT, (C0eD0) 3D-OCT images, and (E0) CFD analysis at 9-month follow-up. (yellow ar-
na’, with regions of flow deceleration at the backside of the ‘neo-carina’ (gray area). F.
this figure legend, the reader is referred to the web version of this article.)



Fig. 2. AeD. (A) Angiogram, (BeC) 3D-OCT images, and (D) computational fluid dynamics (CFD) analysis post-implantation. After ostial scaffold implantation at the diagonal branch
(LD), perpendicular scaffold protrusion into the main vessel is observed in the 3D images (white arrowheads), while the CFD analysis demonstrates the symmetrical distribution of
flow downstream of the bifurcation. A0eD0 . (A0) Angiogram, (B0eC0) 3D-OCT images, and (D0) CFD analysis at 12-month follow-up. Tissue growth over protruding struts has resulted
in ‘neo-carina’ formation (yellow arrowheads). CFD shows substantial flow acceleration opposite to the side-branch ostium in mid LAD, due to the perpendicular ‘neo-carina’
protrusion (gray area). Conversely, at the backside of the ‘neo-carina’ there are extensive areas of slow flow and re-circulation. F. Shear stress profile at 12-month follow-up IeV0 .
Matched 2-dimensional OCT images from a mid-LAD segment downstream to the bifurcation (see DeD0) (IeV) post-implantation and (I0eV0) at 12-month follow-up showing
luminal narrowing over time. S ¼ septal, LD ¼ diagonal, GW ¼ guidewire, white arrowheads ¼ protruding struts at baseline, yellow arrowheads ¼ protruding struts at follow-up.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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showing the important role of hemodynamic parameters such as
low and oscillatory shear stress in lesion progression [9e11].

3. Limitations

Although, our cases suggest the possible contribution of bifur-
cation angle in determining the extent of ‘neo-carina’ protrusion
into the main branch, larger studies are needed for identifying the
exact predictors of excessive protrusion. As our study aimed to
investigate the hemodynamic consequences after ‘neo-carina’ for-
mation, CFD at baseline was performed without considering the
protruding struts, in an attempt to demonstrate differences be-
tween ‘optimal’ flow conditions in the absence of any protrusion
and actual flow conditions in the presence of the ‘neo-carina’. A
meticulous modeling incorporating the impact of protruding struts
on flow could provide further insight into the mechanisms of ‘neo-
carina’ formation, as hemodynamic factors have been associated
with BVS coverage [12]. In any case, the observed follow-up flow
patterns are not affected by this amendment in the baseline
analysis.

Overall, our case observations highlight the clinical importance
of investigating the hemodynamic consequences of BVS implanta-
tion in bifurcation lesions and illustrate a novel method to do so
in vivo. Insights gained from such studies could have a significant
impact on treatment strategy selection in bifurcation lesions.
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